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ABSTRACT
The molecular interface of the blood-brain barrier (BBB) is a highly selective physiological
barrier. The BBB shields the central nervous system (CNS) for harmful agents while also
preventing lifesaving drugs from entering the CNS. With the prevalence of neurogenerative
disease on the rise, there is a growing interest to design therapeutic interventions that can surpass
the BBB. Such efforts necessitate a thorough understanding of the BBB, requiring one to
decipher: why the BBB is so selective? what governing molecular rules govern selectivity across
the BBB? and how does it impact physiology. As a contribution towards this understanding the
following dissertation discusses nuances of the BBB see from the perspective of its tight
junctions (TJ). Tight junctions are a protein-protein adhesion structures that seal the paracellular
space for small solutes. Tight junctions are a common feature in many epithelial and endothelial
tissues and a crucial component of the BBB. The BBB tight junctions are shown to be regulate a
size and charge selective barrier that permeates only molecules of 800 Da in size. In the
following chapters a computational microscopy approach was utilized to probe different
structural and biochemical features of the tight junction. Chapter 2 discusses the molecular
assembly of tight junction proteins investigated for the first time under molecular dynamics
simulations. The key findings included the discovery of dimeric interfaces that are seen to form
tight structural contacts between conserved residues. An experimental investigation with
formaldehyde as a cross-linker in HeLa cells validated the existence of such contacts. Chapter 3
investigated the tight junction assembly in the paracellular space of adjacent cells by mimicking
this interface with two membranes. These simulations revealed the structural aspects of the
pores that are feasible under claudin-5 tight junction assembly. We performed a mutation
experiment that distinguished the dimeric interfaces between claudin-3 and claudin-5, further a

biophysical investigation showed how the flexibility of the transmembrane domains affect the
dimerization of claudins. Chapter 4 extends upon the discoveries from chapters 2 and 3 to other
claudins that are relevant for the tight junction biology. There is an inherent need to compare
different members of the claudin family of proteins to enhance the overall understanding about
tight junction biology and consequently the BBB tight junctions. Major findings include the
discovery of a putative trimeric receptor assembly for Clostridium perfringens enterotoxin. The
pore assemblies of claudin-2 and the dynamics of ions across the pores. Chapter 5 investigates
the ion selectivity of claudin-5 and claudin-2 in a greater detail. The key findings include that the
barrier to charge selectivity in the claudin pores are due to charge repulsion from the pore lining
residues. The electrostatic interaction dominates the pore selectivity while the steric interaction
plays a role for divalent cations. These biophysical evidence reveal how the claudin-5 tight
junction pores that line the BBB screen charged ions and water. These computational findings
push the boundaries of current knowledge on the BBB and sets the stage for applications targeted
towards drug delivery strategies. The computational methods and tools discussed herein sets
precedent for its transferability to the investigation of other tight junction proteins and in wider
scope other membrane proteins.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1

1. Introduction
Neurological diseases are a growing global concern, neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, epilepsy and fronto-temporal lobar degeneration (FTLD) are
becoming more prevalent. Irrespective of initial condition the eventual progression of most
cognitive neurodegeneration results in the on-set of dementia.[1] But for a few instances of
genetically inherited phenotypes most neurodegenerative diseases have a risk factor associated
with increasing age.[2] In fact, the recent assessment from the Alzheimer’s association estimates
that in the USA, the number of people aged above 65 currently impacted by some form of
dementia is 5.6 million. This number is projected to exponentially grow as the population of
people aged >65 are projected to increase from 55 million in 2019 to 88 million in 2050. Both
the economic and the care, burdens are expected to unprecedented (Figure 1-1). A growing
concern is the lack of therapeutics that can mitigate/cure dementia, currently approved therapies
are largely focused on the managed care.[3] The challenges pertaining to drug discovery focused
at neurological diseases are two-fold: 1) a poor understanding of the molecular mechanisms
underlying pathophysiology and 2) the lack of accessibility of most drugs to the central nervous
system (CNS) due to the selectivity of the blood-brain barrier (BBB).[4] Iterative progress has
been made in understanding the molecular pathology of disease and new avenues for therapeutic
development are already underway, for instance anti-tau monoclonal antibodies are
demonstrating great promise in clinical trials for Alzheimer’s disease.[5] Understanding the
pathophysiology pertains to a biological challenge. On the other hand, the problem of delivering
the successful therapeutic candidate across the BBB is an engineering one. To put things into
perspective the anti-tau antibodies have demonstrated clear therapeutic effect in vitro and in
mouse models. In order to be clinically effective sufficient quantity of the anti-body needs to
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make it to the CNS as quantified by the concentration in CSF, the current dosage for the this
antibody for an average adult is 16 g administered intravenously bi-weekly, this is the highest
concentration of any biological drug. The typical concentration of the drug observed in CSF to
cross the BBB from systemic circulation is ~0.1%.[6] The molecular weight of typical antibodies is in the range of ~140-150 kDa, most molecules larger than 800 Da have poor
permeability across the BBB.[4, 7-12] Solving the problem of delivering drugs across the BBB
can improve the clinical outcomes, but a lack of clear understanding of the molecular physiology
is the impending bottleneck. The premise of this dissertation is to decipher one angle of the BBB
drug delivery challenge focused on the understanding the tight junctions.
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Figure 1-1. Infographics and statistics from alz.org ©
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1.2 Blood-Brain Barrier
The central nervous system (CNS) constituting the brain and the spinal cord are insular from the
from rest of the systemic circulation. The BBB is the molecular shield that protects the CNS.
Vascular endothelial cells that supply the CNS extend to an approximate ~6 km, this vasculature
is the cellular interface of the BBB. The monolayer of endothelial cells collectively called as the
neurovascular unit (NV) is differentiated to express tight junction proteins, transporters, channels
and pumps that are unique to the CNS.[4]
1.2.1 Discovery
The famous German scientist Dr. Paul Ehrlich is often credited with the discovery of the BBB in
1885.[13-17] He observed that a dye injected into the blood stream stained all major organs of
the body except the CNS (Figure 1-2). Based on these observation he hypothesized that a barrier
exists between the CNS and the circulating blood; later investigations confirmed his hypothesis.
For most part of the early 20th century, the BBB was perceived to be an anomaly arising due to
the local environment in the brain and variations in the brain tissue composition.[5] Given that a
small subset of molecules with certain size, shape and molecular properties can translocate from
the blood to the brain, it was hypothesized that there are specialized pores in the endothelial cells
that enable this transport.[6] In 1967, Reese and Karnovsky, experimented with horseradish
peroxidase as a tracer, and discovered that the BBB is composed of tight junctions formed
between two endothelial cells that appear as kissing points when observed under electron
microscopy.[18] Their discovery for the first time showed that the endothelial cells can form
tight junctions and that these tight junctions are responsible for some of the diffusion properties
of the BBB.
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1.2.2 Transport Across the BBB
Under normal physiological conditions the human brain consumes ~20% of the cardiac output of
blood and utilizes similar amounts of oxygen and glucose.[4,19] The brain is devoid of any
energy storage machinery, which demands that the NVU is functional for homeostasis. The
entire NUV stretches ~400 miles and presents ~12 m2 of surface area for mass-transfer. The
NVU is tightly regulated by the brain microenvironment.[20] To accommodate bi-directional
selective transport, the BBB polarized with the apical and the basal sides of the endothelial cells
have varied expression of proteins, lipids and transporters. It is to be noted that the polarization
of the BBB is maintained by the expression of tight junction proteins.[21] The apical and the
basolateral sides of the endothelial cells experience large pressure, tonicity and osmotic
gradients. For instance, the trans-endothelial electric resistance across the BBB is typically of the
order of kΩ, and the pressure gradient is ΔP ~ 80-90 mmHg. [21-23] The major routes of
transport across the BBB are transcellular via carrier mediated transport, specialized channels
and transcytosis Figure 1-3. The transcellular pathway is highly specific and highly dependent on
the expression levels of transporter proteins, most amino acids, sugars and small peptides
translocate the BBB via transcytosis.[22] Alternatively, there is a pathway for translocation of
small hydrophilic molecules across the BBB via the paracellular space through the tight
junctions. It has long been established that the tight junctions have a charge and size selective
mechanism of transport, the interface is also highly confined and the transport is characterized to
be passive. [4, 19-23]
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Figure 1-2. The blood-brain barrier.
a) The mouse experiment showing staining or the lack thereof in the classic experiment leading to the discovery of the BBB. b) quick
facts on the neuro vascular unit (NVU) that constitutes the BBB. c) Typical view of the capillary endothelial cells lining the BBB.
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Figure 1-3. Transport across the BBB.
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1.2.3 Role of BBB in Disease Pathology and Drug Target
The integrity of the BBB is crucial for the homeostasis of the brain and CNS. The BBB is often
compromised in many disease pathologies and results in deleterious consequences.[20] BBB
breakdown is often seen as a poor prognosis and requires immediate attention. In the case of
Alzheimer’s disease, the breakdown of BBB marks the early onset, which can be mapped with
imaging techniques. Typically, the permeability to gadolinium-based tracers are the clinical
indication under imaging methods that marks the BBB breakdown.[21] Under normal physiology
gadolinium-based tracers do not cross the BBB as they are larger than the size restriction of the
tight junction pathway. Amyotrophic lateral sclerosis (ALS), multiple sclerosis and HIVmediated dementia all display some degree of BBB breakdown. The BBB breakdown is more
evident in acute neuropathological events such as strokes, aneurysms and traumatic insults. The
eventual progression of BBB breakdown is cerebral accumulation of blood borne solutes leading
to inflammation. Barrier disruption is seen as an advantageous outcome in few cases as the
pathway can be utilized for drug delivery.[22] On the other hand, proteins that are exclusively
expressed in the BBB are being investigated for targeting and delivery of neurotherapeutics. One
vein of interest that is relevant to this discussion is the targeting focused around claudin-5 and
other tight junction proteins. Seen as permeability enhancers different strategies ranging from
RNAi for targeted suppression to claudin expression to engineering claudin/tight junctionbinding peptides are currently under investigation. Alternatively, focused ultrasound mediated
micro-bubble ablation is also being pursued as a way of mechanical disruption of BBB to
enhance drug permeation. [4, 20-23]
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1.3 Tight Junctions
Tight junctions (TJs) are protein rich molecular interfaces that are observed in various epithelial
tissues. Dr. George Palade who coined the term zonula occludens (occluded region) first
discovered tight junctions in 1963; he shared the Nobel Prize for physiology and medicine in
1974, for the discovery.[24] For a nearly 40 years, the tight junctions were perceived to be
constituted of membrane lipids that fuse at the cell-cell interface. In 1993, new and advanced
biochemical methods revealed the tight junction interface also contained proteins that can form
intricate network of strands.[25] The protein was identified to be spanning the plasma membrane
and was named occludin (OCLN), but later experiments showed that tight junctions are
unaffected if the OCLN gene was deleted. In 1998, Tsukita et al. reported the groundbreaking
discovery of a new class of proteins called claudins (CLDN) that are the functional components
of the tight junctions.[24-26] In a few years, following the initial discovery of CLDN, it was
identified that the BBB tight junctions are constituted by claudin-5. This led to the most
significant discovery in 2003 by Tsukita et al. where it was shown that claudin-5 is crucial for
the size-selective nature of the BBB.[24-27] Knockout of claudin-5 in mice resulted in staining
the CNS as well as proving fatal for the mice. Since the discovery of claudins, 27 different
claudin member have been identified in mammals.[30] Claudins and the tight junctions
constituted by them play a very complex role in various stages of development and
pathophysiology. The role of claudins and their relevance to the BBB has been a point of
discussion in multitude of publication since 2000. [24-30]
1.3.1 Tight Junctions, Claudins and the BBB
The key function of BBB constituted by claudin-5 tight junctions is to maintain the homeostasis
of the CNS microenvironment. [24] Paramount to this function is regulating the balance of ions
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and water in the CNS; this is achieved by selectively screening the passive diffusion, while the
active diffusion is mediated by specialized protein expressed in the plasma membrane. A small
imbalance in the tonicity of CNS can lead to fatal consequences.[24-26] The tight junctions
form a very continuous tight molecular seal that spans the entirety of the space between two
adjacent endothelial cells. This space—called the paracellular space—is the major pathway of
passive diffusion for many soluble and polar solutes. The molecular seal formed by the TJs
results is very high electric resistance across the BBB; various studies have reported the
resistance across monolayer of endothelial cells in the BBB to be ~2-2.5 kΩ cm2. Despite being a
strong seal, it is believed that the paracellular space is not entirely sealed off; instead, there are
nanometer sized pores that remain accessible through electro-osmotic flow.[27,28] Strong
evidence for such pores come from experimental observation from other tight junction forming
claudins. However, the nature and the selectivity of these pores are not known. The molecular
shape and philological characteristics of this pores is also elusive. [27-30] The significance for
understanding the tight junctions of claudin-5 and the pores formed by it is of broad clinical
significance as explained below. [24-30]
Diseases affecting the CNS, such as Alzheimer’s, Parkinson’s, epilepsy, and glioblastoma are
currently treated by only handful of drugs.[27] Added to this the investment from pharmaceutical
industry in developing CNS drugs has dropped by >50% in the last decade (2009 to date). This
bleak outlook is due to three major reasons: 1) failure of many therapeutics to cross the BBB, 2)
in vitro drugs that fail in preclinical and mouse studies, 3) the very high cost associated with
developing and new drug vs ~90% failure rate of CNS target drugs makes the proposition an
unwise business option.[28-30] Paramount of these reasons is that many drug molecules –despite
being therapeutic –fail to cross the blood-brain barrier. <2% of all known therapeutically relevant
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small molecules fail to cross the BBB. 80% of small molecules currently approved by the FDA
are < 450 Da in size, 65% of these drugs or their active derivatives are hydrophilic. The BBB on
the other hand is known to be permeable for solutes up to ~800 Da. This presents then an
interesting conundrum as to why molecules of size ~450 Da fail to cross the BBB.[28-30] It is
interesting to note that histamine a neurotransmitter small molecule of ~100 Da size fails to cross
the BBB. The science underlying whether a given drug can cross the BBB is rather poorly
understood. It is therefore pertinent, timely and essential to be able to predict the BBB
permeability, which is regulated by claudin-5 tight junctions.[24-30]
The problem of understanding the tight junction permeability at the BBB needs detailed
molecular level characterization of the claudin-5 and elucidating how they assemble to form the
tight junctions.[27] Experimental efforts targeted towards this goal have large been able only
partially address the problem at a very slow pace. The outcomes from these studies although
significant have not been significantly helpful in advancing the cause. [28,29] This proposal
details a well thought out alternative strategy to address the molecular characterization of BBB
claudin-5 tight junctions, using molecular simulation methods. [24-30]
1.3.2 Background on Claudins
Claudin family members are identified by the signature amino acid sequence motif, W-G/NLWC-C, which they share with other tetra-span transmembrane proteins in the PMP22/EMP/MP20/Claudin superfamily.[29,31] Claudins establish TJs in most polarized cells
providing a molecular seal to the underlying tissues. The broader physiological significance of
claudins is the molecular control of ion and small molecule homeostasis. 27 members of claudin
family have been identified in humans thus far. Based on the sequence similarity and topological
structural homology, claudins are differentiated into classic (1–10, 14, 15, 17, and 19) and non12

classic (11–13, 16, 18, 20–27) claudins. In vitro experiments have shown that claudins interact
and aggregate laterally along the membrane of a single cell (cis) and across two adjacent cells
(trans) to form the macromolecular TJ assembly. [32] Recent breakthroughs resolving the crystal
structure of three classic claudins, -4, -15 and -19, have paved the way for understanding the
three-dimensional structure of the claudin structure.[31-33] Claudins fold into four
transmembrane (TM) helices that are connected by two extracellular loops (ECL) and an
intracellular loop (ICL). Both the ECL domains contain β strands held together by disulfide
bonds between the conserved cysteine residues. The more highly variable ECL1 domain has
charged residues directly involved in charge selectivity of the TJs, whereas the ECL2 domain has
been implicated in determining the size selectivity of the tight junctions.[34] The C-terminal
domain, which is also highly variable, is often post translationally modified and binds with the
cytoskeleton scaffold through zonula occludens (ZO-1, 2). [29, 31-34]
Claudins establish anatomizing networks of TJ strands through an extensive assembly process.
Initially, claudins self-assemble within the membrane of a cell via cis interactions driven by the
membrane environment. Subsequently these cis interacting claudins interact head-on with their
partners on an adjacent cell to form trans interactions. The functional TJs arising out of cis and
trans assembly form molecular pores that have unique permittivity profiles based on which
member(s) of the claudin family participates in the assembly. Claudins are further classified into
channel forming (-2, -7, -10, -15, -16 and -17) or barrier forming (-1, -3, -4, -5, and -19) based on
their ability to increase or decrease respectively, the trans-epithelial electric resistance (TEER)
when expressed. Most specialized tissues express multiple members of the claudin family
resulting in heterotypic as well as homotypic tight junctions. Understanding both the complexity
and the diversity involved in the tight junctions assembly has been difficult to achieve
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experimentally, largely due to the complications involved in solubilizing and isolating individual
claudins or functional multimeric tight junctions strands.[32-34] It has been shown that the
claudin-5 tight junctions appear as strands of ~10 nm continuous particles in freeze fracture
electron microscopy.[31-34] Additional experiments have shown that claudin-5 has higher
affinity for forming homotypic tight junction strands, and both cis and trans interactions are
necessary for the barrier function, yet there is no clear consensus on mechanistic details of the
tight junctions self-assembly. [29, 31-34]
1.4 Molecular Simulations
Molecular simulations broadly encompass the range of particle based molecular dynamics
methods that are formulated based on statistical thermodynamics principles and the classical
mechanics. The particles can be representing either Born–Oppenheimer approximated actual
atomic elements,[35] or a group of atoms combined as coarse-grained beads (CG).[36-39] The
chemical nature of the particles is typically represented by a potential energy function. The
bonded interactions are calculated as harmonic springs that are positioned at equilibrium bond
lengths or angles, obtained from experimental methods such as nuclear magnetic resonance
and/or highly accurate quantum mechanical calculations. The non-bonded interactions are
calculated as a summation of columbic interactions between the partial charges of the particles
and dispersion forces calculated in the Lennard-Jones potential. The simulations usually proceed
in an equilibrium isothermal-isobaric ensemble, where the Newton’s equation of motions is
solved for every particle in the system. [40]
A big challenge in the molecular simulation is sampling rare events that are kinetically limited.
In theory, statistical mechanics dictates that at a given temperature all the states of the system
that are separated by KBT (~2.5 kJ/mol at 300 K) are accessible but it is often the case that the
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energy barriers are of the orders of 5-10 K BT which scales exponentially with the characteristic
timescales of the event.[41] To forgo this temporal limitation molecular simulations can be
performed with a coupled advanced sampling technique that will mitigate such energy barrier
limitation. Umbrella sampling and metadynamics are two very popular advanced sampling
methods that have been extensively used in this dissertation. In umbrella sampling a specific
reaction co-ordinate is identified that can to a degree of approximation describe the underlying
biophysical mechanism in question (this can be protein-protein, or protein-ligand interactions).
[42] Snapshots are identified along this reaction co-ordinate and external force is applied to the
system in specific snapshot. For instance, is the reaction co-ordinate is the distance between two
atoms in space all the intermediate points along the distance can be taken as a snapshots. If one
keeps track of the force acting on the system, the underlying potential can be recovered by
posterior analysis. In the case of metadynamics again a reaction co-ordinate is identified but
instead of restraining the system a said point as small bias is added to force the system out of its
minima, this bias is added as an history dependent potential, the potential is added until the
reaction co-ordinate is sampled smoothly.[42-44] One can then recover the underlying potential
from the history of biases added. These advanced sampling techniques are employed in some of
the calculations mentioned in the dissertation. The literature is awash with reviews on the topics
of molecular simulations and advanced sampling technique, hence it only briefly mentioned here
to give context to the readers.[41-44]
1.5 Brief Summary of the Chapters
Molecular level understanding the how claudin-5 proteins assemble to constitute the tight
junctions and unraveling the details of molecular transport via the tight junctions were the main
scope and primary objective of this research. The subsequent chapters 2,3 and 4 of this
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dissertation are published in Journal of Physical Chemistry B (2 & 4) and The Annals of New
York Academy of Sciences. Chapter 5 is currently in preparation of submission. Other
publications and contributions are listed in the vita.
Chapter 2 details the self-assembly simulations carried out understand the claudin-5 cis
interactions. An experimental collaboration demonstrated that dimeric conformations observed in
the simulations were feasible in vitro. The free energy associated with different dimerization
interfaces were quantified and the impact of membrane milieu on the dimerization was studied.
The manuscript published in Journal of Physical chemistry B was authored by Flaviyan Jerome
Irudayanathan, John P. Trasatti, Pankaj Karande and Shikha Nangia. FJI and SN conceived and
designed the simulation study, JPT & PK designed and executed the in vitro experiments, all the
authors analyzed the data and wrote the manuscript.[45]
Chapter 3 explores the trans interactions of claudin-5 and postulates the role of dimer
conformations acting as templates for pore assembly. A key in vitro experimental result for
claudin-5 dimers was reproduced in simulations and a cross-validation was demonstrated in
claudin-3. Further, the underlying biophysical contribution of the transmembrane domains were
captured. The chapter also characterizes the putative pores of claudin-5 and demonstrates its
barrier properties towards glucose. The manuscript was published in The Annals of New York
Academy of Sciences and authored by Flaviyan Jerome Irudayanathan, Nan Wang, Xiaoyi Wang
and Shikha Nangia. FJI & SN conceptualized and designed the experiments, FJI, NW & XW
performed the simulations and analyzed the data. FJI & SN wrote the manuscript. [46]
Chapter 4 extends the exploration of cis interactions to other claudins that are physiologically
important and termed as classic claudins. The key insights into the commonality of the dimer
interfaces between different claudins was revealed. A new trimeric assembly that can putatively
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bind to full-length Clostridium perfringens enterotoxin was discovered and the transport of ions
across claudin-2 dimers was studied. The manuscript was published in Journal of Physical
chemistry B and Flaviyan Jerome Irudayanathan, Xiaoyi Wang, Nan Wang, Sarah R. Willsey,
Ian A. Seddon and Shikha Nangia authored the manuscript. FJI & SN conceived and designed
the experiments. FJI, XW, NW, SRW & IAS performed the simulations and analyzed the data.
FJI and SN wrote the manuscript.[47]
Chapter 5 showcases the behavior of claudin-5 and claudin-2 pores towards monovalent and
divalent ions. Key discoveries regarding the barrier nature of claudin-5 is discussed. The
manuscript is currently under preparation, Flaviyan Jerome Irudayanathan and Shikha Nangia
authored the manuscript.
Chapter 6 draws broad conclusions and highlights some of the future direction where this
research is headed.
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CHAPTER 2

MOLECULAR ARCHITECTURE OF THE BLOOD BRAIN BARRIER TIGHT
JUNCTION PROTEINS–A SYNERGISTIC COMPUTATIONAL AND IN VITRO
APPROACH

Molecular Architecture of the Blood Brain Barrier Tight Junction Proteins–A Synergistic Computational and In
Vitro Approach
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2.1 Abstract
The blood-brain barrier (BBB) constituted by claudin-5 tight junctions is critical in
maintaining the homeostasis of the central nervous system, but this highly selective molecular
interface is an impediment for therapeutic interventions in neurodegenerative and neurological
diseases. Therapeutic strategies that can exploit the paracellular transport remain elusive due to
lack of molecular insights of the tight junction assembly. This study focuses on analyzing the
membrane driven cis interactions of claudin-5 proteins in the formation of the BBB tight
junctions. We have adopted a synergistic approach employing in silico multiscale dynamics and
in vitro crosslinking experiments to study the claudin-5 interactions. Long timescale simulations
of claudin-5 monomers, in seven different lipid compositions, show formation of cis dimers that
subsequently aggregate into strands. In vitro formaldehyde crosslinking studies also conclusively
show that cis interacting claudin-5 dimers crosslink with short methylene spacers. Using this
synergistic approach, we have identified five unique dimer interfaces in our simulations that
correlate with the crosslinking experiments, four of which are mediated by transmembrane (TM)
helices and the other mediated by extracellular loops (ECL). Potential of mean force calculations
of these five dimers revealed that the TM mediated interfaces, which can have distinctive leucine
zipper interactions in some cases, are more stable than the ECL mediated interface. Additionally,
simulations show that claudin-5 dimerization is significantly influenced by the lipid
microenvironment. This study captures the fundamental interactions responsible for the BBB
tight junction assembly and offers a framework for extending this work to other tight junctions
found in the body.
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2.2 Introduction
The blood-brain barrier (BBB) is a selective transport barrier that regulates the flux of bloodborne solutes into the brain to preserve the chemical homeostasis of the central nervous
system.[1] The endothelial cells lining the blood-brain interface form physical barriers between
adjacent cells, via the concerted assembly of transmembrane proteins, called tight junctions (TJs)
that act as gatekeepers in regulating paracellular traffic.[1, 2] The TJs are established by
specialized membrane proteins of the claudin superfamily (InterPro ID:
PMP22/EMP/MP20/Claudin) that form protein strands along with other TJ associated proteins
such as occludin, junctional adhesion molecules (JAMs), and zona occludens (ZO-1, 2).[2, 3]
The TJs are size and charge selective barriers that permit the passive diffusion of only a small
subset of biologically relevant molecules (<2%) with molecular mass less than ~800 Da.[3] This
selective permeability is a challenge in treating neurodegenerative and neurological diseases
such as Alzheimer’s, Huntington’s, Parkinson’s and epilepsy among others, because therapeutics
are unable to cross the BBB.[1, 4, 5] Studies focusing on increasing the paracellular permeability
of therapeutics without compromising the BBB are gaining attention, yet these breakthroughs
remain elusive due to the lack of structural and molecular insights into the BBB TJs.[5]
Claudins ubiquitously establish TJs in most polarized cells providing a molecular seal to the
underlying tissues. The broader physiological significance of claudins is the molecular control of
ion and small molecule homeostasis.[3, 6, 7] Twenty seven members of claudin family have
been identified in humans thus far. Based on the sequence similarity and topological structural
homology, claudins are differentiated into classic claudins (1–10, 14, 15, 17, and 19) and nonclassic claudins (11–13, 16, 18, 20–27).[3] In vitro experiments have shown that claudins
interact and aggregate laterally along the membrane of a single cell (cis) and across two adjacent
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cells (trans) to form the macromolecular TJ assembly.[3, 8] At the BBB, the functional barrier is
primarily constituted by claudin-5 TJs as evidenced by knock-out experiments in mice.[9, 10] It
has been shown that the claudin-5 TJs appear as strands of ~10 nm continuous particles in freeze
fracture microscopy.[11] Additional experiments have shown that claudin-5 has higher affinity
for forming homotypic TJ strands, and both cis and trans interactions are necessary for the
barrier function, yet there is no clear consensus on mechanistic details of the TJ selfassembly.[12-14] Although claudins have been isolated as dimers and higher order complexes, it
is unclear whether these complexes are a direct consequence of the cis or trans interactions.[1416] Biochemical experiments have shown that the cis interactions of claudins can be mediated
via transmembrane (TM) helices[15, 16] or the extracellular loops (ECL).[17, 18] Though the
findings of these studies are insightful, the mechanistic and structural details of claudin
aggregation and their incorporation into the TJ are still unclear, largely due to the difficulties in
isolating intact TJ strands.[3, 19] Such insights are not only relevant to the understanding of TJ
formation in a broad range of biological barriers but also for the design and deployment of
minimally invasive therapeutic modalities.
Here we present a synergistic study to understand the cis interaction of claudin-5 using in silico
multiscale molecular dynamics simulations in model membranes and in vitro crosslinking
experiments performed on HeLa cells expressing GFP tagged claudin-5 (GFP-CLDN5).
Molecular dynamics simulations were performed using a claudin-5 homology model in atomistic
and coarse grained resolutions using CHARMM36[20] and MARTINI[21] force field
parameters, respectively. Coarse grained molecular dynamics (CGMD) simulations based on
MARTINI model have been used extensively to elucidate various cellular and molecular level
pathways, including G-protein coupled receptor (GPCR) oligomerization, membrane protein
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dynamics, and protein-protein interactions.[22-26] CGMD has been especially useful for
membrane proteins that are difficult to isolate and analyze solely using experimental
methods.[23, 24] Self-assembly simulations revealed claudin-5 initially forms dimers that later
aggregate into strands. In vitro short-time, low concentration formaldehyde crosslinking
experiments were performed to capture proximal claudin-5 interactions within 2.3-2.7 Å, which
revealed dimers and higher order complexes that are consistent with the observations of the
simulations. The genetically-coded GFP tag on claudin-5 enabled direct visualization of the most
probable claudin-5 protein complexes. Formaldehyde has been previously reported as a fixative
of cells and tissues, but recent studies have demonstrated that its use at lower concentrations
coupled with shorter reaction times can be valuable for elucidating proximal protein-protein
interactions.[27] The use of formaldehyde as an in vitro crosslinker is particularly advantageous
due to its high permeability across cell membranes without recourse to cell membrane
permeabilizers, which captures intact native interactions between transmembrane proteins.[27,
28] Dimers of claudin-5 that correlate with the experimental results were isolated from the
simulation trajectory and characterized for thermodynamic conformational stability using
umbrella sampling and potential of mean force (PMF) calculations.[29] The combined inferences
from our study on claudin-5 TJ assembly compare well with previous experimental predictions
found elsewhere in the literature for classic claudins.[16-19] Self-assembly simulations also
revealed the critical role of the lipid microenvironment such as hydrophobic thickness and phase
behavior in directing claudin-5 cis interactions. Variations in membrane composition,
specifically with cholesterol and ceramide, had markedly distinct effects on the conformational
orientation of dimers. Molecular insights gained from this study helps elucidate claudin-5
interactions that are putatively responsible for the formation and assembly of TJs and
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consequently the specificity of the BBB. Additionally, the fundamental characteristics of the
self-assembly can be extended to the TJ-forming members of the claudin superfamily, and
consequently to their physiological role in regulating transport in various tissues of the body.
2.3 Materials and Methods
2.3.1 MD Simulations
Homology model of claudin-5 monomer was built using the crystal structure of claudin15.[19]The lowest energy model of the monomer was then embedded in a POPC bilayer for
simulation with explicit TIP3 water model and 0.15 M KCl solution. The simulations utilized the
CHARMM36[20] force field parameters for proteins, lipid, and water with explicit hydrogens.
Post initial minimization steps, the system was serially equilibrated using positional restraints
and periodic boundary conditions, followed by equilibration MD simulation for 150 ns at 310.15
K and 1 bar using NAMD engine.[30] The simulation trajectories were analyzed for structural
stability using root mean square deviation calculations and secondary structure analysis (For
detailed methods refer to the Supporting Information).
Average structure from the equilibrium atomistic simulations was used to construct the CG
model of claudin-5 monomer according to MARTINI2.2 force field parameters set for
proteins.[21, 31] ELNeDyn network was used to preserve the secondary structure of the
individual monomers.[32] CG model of claudin-5 was assembled into a 4×4 grid with center-ofmass spacing of 6 nm in the xy plane. Lipid bilayers of various compositions (Table 2) were built
around the grid using INSANE[33] (Insert Membrane) script with standard MARTINI CG water
and 0.15 M NaCl solution. The system was energy minimized using steepest decent algorithm
followed by isothermal-isochoric (NVT) and isothermal-isobaric (NPT) equilibration runs during
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which the protein backbone positions were restrained. Longer NPT equilibration runs of 1 µs
were necessary in order to allow lipid bilayer equilibration and annulation around the proteins.
The production runs were performed in the NPT ensemble for 10 µs. All simulations were
performed using GROMACS 4.6[34] engine at 310.15 K and 1 bar pressure with periodic
boundary conditions and semi-isotropic pressure coupling. The simulation trajectories were then
reverse mapped into fine grain description for further analysis using the method described by
Wassenaar et al.[35] In order to quantify the stability of the dimers steered molecular dynamics
and umbrella sampling simulations were employed, and the results were analyzed using WHAM
approach to generate the potential of mean force curves.[29, 36] Further analyses were
performed using typical GROMACS utilities or in-house scripts. A detailed description of the
methods is available in the supporting information.
2.3.2 Cell Culture
HeLa cells expressing native claudin-5 as well as GFP tagged claudin-5 (obtained courtesy of
Michael Koval, Emory University) were cultured in DMEM media containing 10% fetal bovine
serum, 100 IU/mL penicillin, 100 μg/mL streptomycin, and 2.5 μg/mL Amphotericin B.
Transfected cells were cultured in media also containing 200 μg/mL G418 sulfate, a selective
antibiotic for GFP-claudin-5 expressing cells. Media was changed every 2-3 days, and cells were
passaged upon reaching ~80% confluence.
2.3.3 Formaldehyde Crosslinking
Cells were grown in standard tissue culture flasks to 90% confluence. Monolayers without
EDTA pre-treatment were washed with DPBS (pH 7.4) containing calcium and magnesium ions
(Gibco, Life Technologies). Monolayers with EDTA pre-treatment were washed with PBS (pH
7.4). Cells undergoing EDTA pre-treatment were incubated in 20 mL of 2 mM EDTA (Sigma
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Aldrich) in PBS (pH 7.4) for 10 minutes at 37 °C. It should be noted that these cells detached
from the tissue culture flask during this treatment. EDTA pre-treated cells were pelleted at 200 
g for 5 minutes and the supernatant was drained. All cells (EDTA pretreated and DPBS washed
monolayers in tissue culture flasks) were incubated in the appropriate formaldehyde
concentration (0%, 1%, or 2%) for 10 minutes at 37 °C. After 10 minutes, the crosslinking
reaction was quenched by the addition of 500 µL of ice-cold 1.25 M glycine (Sigma Aldrich) in
PBS at room temperature. All cells were then incubated on ice for 10 minutes. Cell monolayers
in the tissue culture flasks were collected into solution by gentle scraping with a cell scraper. All
cells were pelleted at 200  g for 5 minutes at 4 °C. Cell pellets were then re-suspended and
washed in 5 mL of PBS or DPBS twice. Following washing, cells were incubated in 5mL Lysis
buffer (PBS or DPBS, containing 0.1% Triton X-100, 1mM phenylmethylsulfonyl fluoride,
1:100 Protease Inhibitor (Sigma Aldrich)). Lysis suspensions were incubated on a mixing
carousel at 4 °C for 30 minutes. Solutions were centrifuged at 16,000  g for 10 minutes at 4 °C.
Supernatant and insoluble pellet were separated and frozen at -80 °C.
2.3.4 Visualization of Claudin-5 And Related Complexes in Gels
Samples were concentrated to 10x using ultracentrifugation spin filters (3 kDa Amicon, EMD
Millipore). Samples (10 μL sample, 10 μL PBS, 5 μL 5x Laemelli running buffer containing 2mercaptoethanol) were heated at 65 °C for 5 minutes or 99 °C for 10 minutes and immediately
cooled in ice bath. Samples were run on 4-20 % Tris-Glycine Gradient pre-cast gels (Bio-Rad).
GFP-CLDN5 and related complexes within the gel were visualized on a flatbed scanner (GE
Typhoon Trio+, GE Healthcare, NY) at excitation wavelength of 488 nm and emission filter of
526SP. To ensure the bands observed in the gel contain both GFP and claudin-5, the bands were
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cross-validated in western blots using anti-claudin-5 (Life Technologies) and anti-GFP (Novus
Biologicals) antibodies (data not shown).
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2.4 Results and Discussions
2.4.1 Conserved Sequence Confers Structural Stability
We modeled the monomeric structure of claudin-5 (Figure 2-1a) based on the crystal structure of
murine claudin-15 (PDB ID: 4P79).[19] Claudin-15 shares sequence similarity, and topological
and structural homology with classic claudins including claudin-5 (Supporting information,
Figure 2-S1 and S2). The inherently disordered C-terminal domain and the missing residues in
the ECL1 were modeled using ab initio methods (Supporting information methods). To ensure
good structural quality the completed model of claudin-5 structure was subjected to serial
refinement and remodeling. The model structure was in 99% agreement with Ramachandran plot
and predicted secondary structure (Supporting information, Figure 2-S3). Additionally, to
resolve membrane driven structural relaxations and to study the dynamics of claudin-5 in a lipid
bilayer, claudin-5 monomer was embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC) bilayer (Figure 2-1b) based on the calculated hydrophobic thickness
(Ht) and respective orientation angle of the protein (Supporting information, Figure 2-S4).
Atomistic molecular dynamics simulations were carried out for 150 ns during which the protein
was allowed to relax freely without any restraints. The trajectories were analyzed to validate the
structural stability of the model. Root mean squared deviation (RMSD) of the protein backbone,
taken as an indicator of structural stability (Figure 2-1c), showed good convergence at ~3 Å
forming 143 ± 8 H-Bonds (Figure 2-1d) on average (cutoff 3.5 Å). The RMSD profile of
residues 1-195 that constitute the TM and ECL domains were observed to be more stable around
~1.5 Å when compared to the rest of the C-terminal domain. We postulate that the C-terminal
contains disordered regions due to the presence of charged residues and phosphorylation sites
that are likely stabilized when they interact with other protein partners in the TJ assembly.
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Detailed structural analysis of the monomer provided validity for the model revealing residues
that contribute to the stability of claudin-5 in the membrane environment (Table 1 and Figure 22). The analysis shows stabilizing salt bridge and aromatic interactions between the conserved
residues among claudins. Trp30 is involved in π-π interaction with Phe139 (Figure 2-2a) at the
membrane boundary and contributes to the hydrophobic stability of the helix bundle. Salt bridges
(SBs) were observed during the simulations that provide conformational stability to the monomer
(Table 1). SBs between Asp68-Lys48/Lys65 (SB1-SB2) and Glu76/Glu146-Arg145 (SB3-SB4)
(Figure 2-2b) form a charge triad which provides electrostatic stability to the ECL. The observed
SBs are significant interest considering that these residues are conserved among other members
of the claudin family, and previous in vitro mutational studies on these residues have shown to
affect the charge selectivity and trans-epithelial resistance of the TJs.[3, 8, 18, 37-40] The
conserved residue Arg81 at membrane boundary of TM2 participates in cation-π interactions
with Trp51 and Tyr67 (Figure 2-2c). Similar interactions were observed in the crystal structure
of claudin-15 and claudin-19 between Arg79 and Phe65.[19, 41] Lys48 in ECL1 participates in
cation-π interactions with Tyr158 (Figure 2-2d) of ECL2 in juxtaposition with the SB1 of Asp68,
contributing to a cup shaped orientation of the ECL domains. Residues Trp47, Tyr148, and
Tyr165 interact with the choline head group of POPC to form cation-π interactions (Figure 2-2g).
These residues are conserved among the claudin family (Supporting information, Figure 2-S2)
and were reported to affect strand formation in TJ assembly when mutated.[3, 12, 19, 42, 43]
Figure 2-2h shows equilibrium contact distances of Trp30-Phe139 (π-π), Glu76-Arg145 (SB3),
and Lys48-Tyr158 (cation-π) were maintained throughout the trajectory. These structural results
combined with bioinformatics analysis (Supporting information, Figure 2-S2) of classic claudin
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sequences suggest that the conserved sequence confers structural stability to the claudin
monomer in a lipid bilayer.
2.4.2 cis Interactions are Membrane Driven
In order to study the membrane driven cis interactions of claudin-5, a coarse grained
MARTINI model was built from the equilibrated atomistic structure of the claudin-5 monomer.
To characterize the membrane effects on claudin-5 oligomerization, 64 monomers were
assembled in an 8×8 grid with a 6 nm inter-separation distance between the center-of-masses of
the monomers (Figure 2-3a, panel 1). Similarly, a smaller system consisting of 16 monomers was
arranged in a 4×4 grid with 6 nm spacing (Supporting information, Figure 2-S5). Lipid
membranes of various compositions (Table 2) were constructed around the monomer grids and
individual self-assembly simulations of up to 10 μs were performed, summing up the total
simulation time to > 200 μs (Supporting information, Table S1).
Biological membranes are typically very dynamic with varying levels of complexity in
both composition and phase behavior.[44-46] In vitro experiments and CGMD simulations have
previously established that both composition and phase behavior of the membrane play a major
role in the self-assembly processes of transmembrane proteins.[23, 47, 48] Hydrophobic
mismatch between the bulk of the membrane and the TM domain is, in general, the instigating
factor in driving the TM proteins to aggregate.[22, 45] Our simulations show that claudin-5
forms dimers within 500 ns of the simulation, which later aggregate to form strands (Figure 23a). For the 64 monomer system, the largest strand of 36 monomers was observed, while for the
16 monomer system all monomers aggregated into a single strand at the end of 10 μs of
simulation (Supporting information, Figure 2-S5). Snapshots of the CGMD simulation at 1 μs
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time intervals were reverse mapped[35] to all atom resolution in order to carry out structural
analysis of the dimer conformations (Supporting Information, Figure 2-S6). From the
simulations it can be inferred that the smallest stable unit of the self-assembled strand is a dimer,
and that the cis interactions can form without influence from interacting partners from the
adjacent cell (trans).
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Table 2-1. Key interactions stabilizing claudin-5 tertiary structure in POPC lipid membrane.
#

Residuesa

Interactions

Domain

Figure

1

TRP30–PHE139

π-π

ECL1-ECL2

2a,h

2

TRP18–PHE92–PHE96

π-π

TM1-TM2

2e

3

TYR165–TRP168

π-π

ECL2

2f

4

ASP68–LYS48/LYS65

SB1,2

ECL1

-

5

GLU76/GLU146–ARG145

SB3,4

TM2-ECL2

2b,h

6

ASP211–LYS215/ARG205

SB5,6

C-terminal

-

7

ASP213–LYS214

SB 7

C-terminal

-

8

ARG81–TYR67/TRP51

cation-π

ECL1-ECL2

2c

9

LYS48–TYR158

cation-π

ECL1-ECL2

2d,h

10

TRP47–NH3–(POPC)

11

TYR148–NH3–(POPC)

cation-π

ECL1, ECL2

2g

12

TYR165–NH3–(POPC)

aPositively

charged (blue), negative charged (red), and aromatic (green) residues are represented
in different colors for clarity
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Figure 2-1. Claudin-5 monomer structure and stability analysis.
Panel (a) shows the TM1-4, ECL1, and ECL2 in cartoon representation colored from N-terminal
(blue) to C-terminal (red) and (b) shows the monomer embedded in a POPC membrane. Panel (c)
shows the RMSD fluctuations for residues 1-218 (blue) and 1–195 (red), and (d) shows the total
number of H-bonds for 150 ns of simulation time.
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Figure 2-2. Key intermolecular interactions of claudin-5 monomer in the lipid bilayer.
Panel (a-f) show the intramolecular interactions of the monomer in stick representation, (g) shows aromatic residues interacting with
lipid head group, and (h) shows inter residue distance of three representative contacts observed during 150 ns atomistic simulation.
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Figure 2-3. CGMD simulation of claudin-5 cis self-assembly over 10 μs.
Panel (a) shows snapshots of claudin-5 (red) interaction in a DPPC lipid bilayer (blue). Panel (b) shows five unique claudin-5 dimer
conformations (side and top view) observed during the simulation. In each of the dimers A-E the monomer is colored from N-terminal
(blue) to C-terminal (red).
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2.4.3 Crosslinking Experiments Reveal cis Interacting Dimers
Crosslinking experiments were carried out to confirm the existence of cis interacting dimers and
higher order species that were observed during the simulations. Formaldehyde is a strong
oxidizing agent that acts by attacking the nucleophilic groups of amino acids to form methylene
bridges that crosslink closely interacting proteins.[27, 28] Unlike other crosslinkers, which have
specificity to a single interaction site, formaldehyde can crosslink multiple interaction sites. The
reaction proceeds in two steps: 1) formation of Schiff-base intermediate (S1), which then 2)
interacts with another nucleophilic donor (S2) to from a methylene bridge (Supporting
Information, Figure 2-S7). Typically, at low concentrations (< 1% v/v) and short exposure times
(~10 min), such as the conditions used in this study, there is a preferential reactive specificity for
S1 at side chains of N-terminal, Lys and Trp residues followed by S2 at side chains of Nterminal, Arg, Tyr, His, Trp, Asn and Gln residues.[27]
Crosslinking of cell samples at various temperatures and formaldehyde concentrations permitted
the experimental elucidation of claudin-5 complexes. Cell samples not treated with formaldehyde
and heated to 65 °C (Figure 2-4, lane 1) revealed the presence of monomeric claudin-5 as the
dominant species along with a basal low-level expression of GFP. Some higher order complexes
were evident from the diffuse banding patterns observed at high molecular weights, but they
were difficult to characterize due to their poor resolution on the gel. Cell samples treated with
1% and 2% formaldehyde, heated to 65 C (Figure 2-4, lanes 3 and 5), revealed the presence of a
GFP-CLDN5 dimer as evident from a distinct band visible at the molecular weight
corresponding to the dimer. Increase in the band intensity at higher molecular weights
additionally suggests the formation of putative higher-order complexes of GFP-CLDN5.
Treatment of cells with EDTA is known to cause the internalization of claudin-5 and other
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adhesion proteins.[49] The cell sample treated with EDTA and 2% formaldehyde (Figure 2-4,
lane 7), and heated to 65 C appeared qualitatively similar to cell sample treated with
formaldehyde alone and heated to 65 C (Figure 2-4, lane 5). This provides confirmation that the
dimer is formed due to crosslinking of monomeric GFP-CLDN5 on the same cell as a result of
cis interactions, resulting from claudin-5 internalization upon EDTA treatment, rather than
through trans interactions between GFP-CLDN-5 on adjacent cells. Cell samples heated to 99 C
at all of the conditions discussed above (Figure 2-4, lanes 2, 4, 6 and 8) were used as
corresponding controls. It has been shown that thermal denaturation of GFP-CLDN5 at this
condition removes any formaldehyde crosslinking and complete loss of GFP signal. A
conspicuous absence of any signal from the gel in lanes corresponding to these conditions
confirms that all bands detected in the cell samples contain GFP-CLDN5 and GFP alone. Cell
samples heated to 99 C were further validated by performing western blots using anti-claudin-5
and anti-GFP antibodies that confirmed the presence of only the monomeric GFP-CLDN5
species (data not shown). Additionally, HeLa cells void of GFP-CLDN5 gene (Figure 2-4, lanes
9, 10) were used as an overall control to confirm the absence of any species resulting in nonspecific auto-fluorescence signals from the gel. Structural analysis of the dimers observed during
the self-assembly simulations revealed that each of the dimer interfaces have 1-2 interaction sites
distributed on the ECL domains that can be crosslinked by formaldehyde further validating the
correlation between experimental and simulation results (Supporting Information, Figure 2-S7).
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Figure 2-4. Formaldehyde in vitro crosslinking of GFP-claudin-5 visualized by GFP
fluorescence.
Lane 1: No crosslinking represents only monomeric claudin-5 and GFP, lanes 2, 4, 6, 8, 10: All
samples heated to 99 C present no signal due to GFP denaturation. Lane 3, 5: 1% and 2%
formaldehyde treated samples respectively, present dimer and higher order complexes of GFPclaudin-5. Lane 7: EDTA pretreatment followed by 2% formaldehyde, present identical profile to
lanes 3, 5, confirming cis GFP-claudin-5 interactions rather than trans interactions. Lane 9: HeLa
cell sample void GFP-claudin-5, presents no non-specific auto-fluorescent signals.
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2.4.4 Five Unique Dimer Interfaces are Most Prevalent
In all our simulations five unique dimer interfaces, labeled A-E, were consistently observed in
the claudin-5 self-assembled strands (Figure 2-3b and Supporting Information, Figure 2-S7). The
dimer interfaces A-C and E were mediated by juxtaposition of TM3 of one monomer with the
TM domains of the second monomer. The TM3 mediated interactions are expected because TM3
is the longest of the four helices and is effected by the variations in hydrophobic thickness. For
the purpose of clarity in the discussion of dimeric interfaces, the second monomer will be
denoted with a prime (“ ' ”) superscript. Dimers A-D have a central axis of symmetry whereas
dimer E is asymmetric. Dimer A is the most frequently observed dimer interface, formed by the
association of ECL1-TM2 domains with TM3'-ECL2'-TM4'. This observed dimer A
conformation is similar in orientation to the linear arrangement of claudin-15 seen in the crystal
structure (Supporting Information, Figure 2-S8).[19] Dimer B is formed by TM2-TM3
interaction with TM2'-TM3', where both the TM helices participate in complementary interaction
along the axis of symmetry. TM2-TM3 mediated interactions have been previously observed
experimentally in claudin-2, 3 and 5.[15, 16] Dimer C is also symmetric and is mediated by
TM3-ECL2-TM4 with TM3'- ECL2'-TM4'.[50] Dimer D is unique because it is not formed due
to a TM-mediated interface, but by ECL1 and ECL1' contact in an anti-parallel β-sheet
arrangement, which has previously been shown as one of the probable cis interactions in two
separate experiments (Supporting Information, Figure 2-S8).[17, 18] Dimer E is the most
infrequently observed dimer that is also mediated by TM2-TM3 and TM2'-TM3' interactions.
Conformational analysis of the cis interfaces show that within the strand, a claudin-5
monomer can interface with multiple adjacent monomers and majority of these interfaces can be
classified into the five dimeric interfaces (A-E) discussed above. For example, Dimer B can form
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a higher-order complex with adjacent claudin-5 monomers via a D interface (Figure 2-5a). A
fraction of transient dynamic interfaces were also observed that could not be classified into any
of the A-E interfaces. In order to rule out observational bias, we analyzed all the possible
contacts between two cis interacting residues over multiple trajectories. Probability distribution
was calculated for any two amino acid residues that participate in cis interactions. Normalized
probability values (Figure 2-5b) showed a distinct pattern of highest interaction along the contact
regions of A-E interfaces (Supporting Information, Figure 2-S9). The highest probability of
interaction corresponds to Trp138-Trp138' contact which is located at the membrane boundary of
TM3, observed in dimer B and dimer E. Other major peaks were observed for interaction
between ECL1 and ECL2', TM1 and TM4', ECL1 and ECL1', and TM3 and TM3', residues that
all correspond to A-E dimer interfaces of claudin-5.
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Figure 2-5. Coexistence of dimer species and dimer stability analysis.
Panel (a) shows a portion of cis interacting claudin-5 strand where dimer B (green square) is
interacting with a third monomer to form dimer D (black square). Panel (b) shows normalized
probability distribution of all possible residue contacts observed during the simulations in a
surface plot. Panel (c) shows the potential of mean force curves for unbinding of the dimer
interfaces along the inter-separation distance coordinate of the interacting monomers. Error bars
calculated by Bayesian bootstrapping method are shown in the background.
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2.4.5 Quantitative Assessment of Dimer Stability
To characterize the thermodynamic stability of the dimers, potential of the mean force[29]
(PMF) calculations were performed for unbinding of the A-E claudin-5 dimeric interfaces along
the inter-separation distance coordinate of the interacting monomers. During the self-assembly
process, the dimer interfaces once formed remained bound throughout the simulation, and no
conclusions could be made based on the association timescales of two monomers coming
together to form a dimer. Almost all A-E interfaces were observed concurrently within ~1 μs of
the simulation. However, for a typical membrane protein secreted in the cell, the lipid
microenvironment constantly experiences shear forces, bending and budding events which would
provide a large enough force for unbinding.[47, 51] Therefore, characterizing the unbinding
energetics would provide a quantitative measure for dimer stability.
The unbinding events were simulated using steered molecular dynamics (SMD) simulations
(Supporting Information, Figure 2-S10). Briefly, in SMD one of the interacting monomers in the
dimer interface was pulled along the inter-separation distance coordinate (ξ) defined by the
closest distance between two monomers, while keeping the position of the second monomer
constant. The force required to pull the monomers apart was coupled with a harmonic potential
that increased gradually until all the molecular interactions between the monomers were broken.
Intermediate geometries along ξ were then simulated individually by umbrella sampling
simulations and unbiased via weighted histogram analysis, to generate the PMF (Figure 2-5c).
The PMF shows that both dimers A and D are the energetically less favorable dimers that stop
interacting at ξ ~0.9 nm, which is significant as both these interfaces were previously observed
and described in experiments.[17-19] Dimers B and C on the other hand stop interacting at ξ
~1.8 nm with well depths of 176±5.15 and 167±5.02 kJ mol-1, respectively. Dimer E which is
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asymmetric appears to be the most stable interface with a well depth of 193±6.32 kJ mol-1.
Multiple local variations in the dimer conformations are possible, therefore, sampling the energy
landscape of all possible conformers, though a worthwhile exercise would be computationally
prohibitive. Given this, the quantitative energetics obtained from PMF curves is a good indicator
of relative stabilities of the dimers rather than the individual values. The analysis of the residueresidue contact map (Supporting Information, Figure 2-S9) showed that A and D dimeric
interfaces have fewer interacting residues than B, C and E. Furthermore, the residues
participating in the TM mediated dimer interfaces are aromatic and hydrophobic as opposed to
the largely hydrophilic interfaces of dimers A and D. We expect the TM-mediated hydrophobic
interfaces to be more stable in a hydrophobically mismatched membrane environment, compared
to weakly interacting hydrophilic interfaces mediated largely by the ECLs. Based on claudin-5
cis interaction analysis, we infer that both the linear arrangement of claudin-15 observed in the
crystal structure[19] (corresponding to dimer A) and the anti-parallel β-sheet arrangement[17,
18] (corresponding to dimer D) are energetically less stable in claudin-5 compared to the dimer
interfaces formed by TM-mediated interactions.
2.4.6 Leucine Zipper Contributes to the Dimer Stability
Closer structural analysis of the symmetric dimer B shows a leucine zipper formed by residues
Leu 83, 90, 124, and 131 (Figure 2-6). Unlike the typical leucine zippers observed in DNA
binding protein and monotopic transmembrane proteins where two α helices come together to
form the zipper, in case of claudin-5, the zipper is formed by four helices. TM2-TM3 interaction
of one monomer contributes four Leu residues, which interact with the Leu' residues on the
second monomer to constitute the zipper. In total, 8 leucine residues interact symmetrically to
form the leucine zipper flanked by π interactions between the Trp138-Trp138' as well as Phe12748

Phe127' (Figure 2-6). Together these interactions make a symmetric hydrophobic interface that
accounts for the stability of dimer B. The asymmetric dimer E also shows a partial leucine zipper
between TM2 and TM3 similar to the one observed in dimer B. Leucine zippers are observed in
monotopic membrane proteins dimers, such as receptor tyrosine kinase and E-cadherin and in
large polytoptic membrane proteins such as aquaporin, yet such observations have not been
previously reported for claudins.[52] Given that two of the dimeric interfaces form similar
leucine zipper domains and the fact that there is a high evolutionary conservation of these
residues (Supporting Information, Figure 2-S2) among classic claudins, it can be inferred that
these leucine residues play an important role in claudin dimerization, stability, and TJ assembly.
This is further substantiated by the presence of same leucine zipper forming residues in the TM2
and TM3 of claudin-19[41] (Supporting Information, Figure 2-S11). Missense mutation,
resulting in the substitution of Leu90 with Pro90 of claudin-19, has been associated with renal
failure and ocular impairment due to Magnesium wastage further confirming the importance of
these domains.[53]
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Figure 2-6. Leucine zipper observed in dimer B.
Insets show the zipper formed by leucine residues 83, 90 of TM2 (green) and 124,131 of TM3
(yellow) as well the flanking aromatic π–π interactions of Phe127 and Trp138. Residues are
shown in stick representation and the individual monomers are colored from N-terminal (blue) to
C-terminal (red).
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2.4.7 Lipid Microenvironment Shapes the Dimer Interface
Lipid microenvironment regulates membrane protein dynamics as the proteins are secreted from
the endoplasmic reticulum to the plasma membrane. Variations in the hydrophobic thickness,
phase behavior, and cholesterol concentration have been conclusively shown to affect the
oligomerization and functionality of membrane proteins.[44, 45, 47, 51, 54] To understand the
localized effect of the membrane environment on claudin-5 cis interactions, we simulated
claudin-5 monomer grids in membranes with varied hydrophobic thickness (Ht) and cholesterol
concentration (Table 2). The optimal Ht of claudin-5 was identified to be 3.1±0.2 nm. Based on
this, membranes of varying hydrophobic thickness from ~2.7 nm to ~3.6 nm were used to
analyze the effect of Ht. Pure phosphatidylcholine membrane models, which mimic the behavior
of endoplasmic reticulum to a certain extent[44, 54], were studied in these simulations. Claudin5 dimerization and consequently oligomerization into strands was observed in all these
membranes. In DLPC membrane (Ht ~2.7 nm) where the positive hydrophobic thickness of the
monomer causes a significant tilt in the orientation to protect the hydrophobic residues from
being exposed to the solvent. There was no significant change in the cis interaction and strand
formation in monounsaturated DYPC, mixed POPC, and saturated DPPC membranes. DPPC
membrane typically exhibits liquid ordered (Lo) phase at 310 K, which is below its liquid
transition temperature, yet we observed a local lipid annulus around claudin-5 in the liquid
disordered (Ld) phase. This varied phase behavior can be explained by the presence of aromatic
residues in the TM domain that mimic the effect of cholesterol, implying that the cis interactions
are driven by the local phase variations in the membrane around the protein. On the other hand,
presence of cholesterol and ceramide in the membrane affects the diffusion of claudin-5
monomers leading to reduced oligomerization, and as a consequence strand formation was not
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observed in these membranes (Figure 2-7). Significant change in the mode of dimerization was
observed in PC membrane (Ht ~3.7 nm), composed of 33% cholesterol, and PCS membrane (Ht
~3.7 nm), composed of equimolar concentrations of POPC, cholesterol, and ceramide. Unlike
pure POPC membrane (Ht ~3.5 nm) that exists in Ld phase, PC membrane exists in Lo phase and
the PCS membrane has coexisting Lo-Ld phases due to the competitive affinity of cholesterol
towards ceramide. Though dimerization was observed in both PC and PCS membranes, these
dimers were not mediated by TM domain interactions, but rather by the ECL-ECL' interaction,
similar to dimer D (Figure 2-8). This variation in the dimer assembly can be attributed to the
slow diffusing nature of claudin-5 in these membranes and the large difference in Ht.
Additionally, the lipid annulus around the protein screens the TM domain from interacting with
one another resulting in an ECL mediated dimerization (Figure 2-8b).
This variation in mode of dimerization between different membranes suggests putative
mechanistic aspect of claudin-5 cis interactions that take place within the cells: 1) in membranes
with negligible cholesterol concentration such as those found in the ER and trans ER
equivalent,[44, 54] represented here by pure phospholipid bilayer, claudin-5 can adapt to/reshape
the membrane local environment and preferentially form TM helix mediated dimers; or 2) in
membranes with more complex compositional diversity containing cholesterol, ceramides and
sphingomyelin such as those found in golgi complex and plasma membrane,[44, 46, 54]
represented here by PC and PCS membranes, claudin-5 preferentially forms ECL mediated
dimer such as dimer D. Though the compositions of the membranes sampled here are nowhere
close to the organizational complexity and compositional diversity of realistic cellular
membranes[44]–such clear distinctions of membrane composition are often impossible[46]–the
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mechanistic observations which are reported are still significant in our understanding of claudin5 cis self-assembly.
Usually, proteins belonging to the claudin family and other TJ associated proteins are
experimentally isolated from the raft microdomains of cell lysate but it is unclear whether the
raft domains are essential for the oligomerization of claudin-5.[3] Lipid rafts are short lived
membrane microdomains that are enriched with cholesterol, sphingomyelin, and saturated long
chain hydrocarbons. In order to characterize the phase dependence of claudin-5, we simulated
monomer grids in membranes that can phase separate into Lo raft and Ld phase.[51, 55] A
ternary lipid mixture containing DPPC/DLiPC/CHOL (DPC) in molar ratio of 4:3:3 was used in
these simulations (Table 2), this lipid composition has been previously shown to separate into
distinct Lo and Ld phases.[55] Starting from a membrane with non-uniform distribution of lipids,
claudin-5 was seen to phase separate into the Ld phase of the membrane, and even after strand
formation there was no significant association of claudin-5 oligomers towards the Lo phase
(Figure 2-7d, Supporting information Movie). The trajectory shows segregation of Lo and Ld
phases and claudin-5 strand formation in the Ld phase within 6 µs. This behavior is consistent
with experimental and simulation results of larger transmembrane proteins.[56, 57] The
difference in hydrophobic matching between Lo/Ld phases and the tight packing of the Lo
domain are enthalpically unfavorable for transmembrane protein aggregation in the Lo phase.[56,
57]
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Table 2-2. Bilayer compositions used in the simulation of claudin-5 cis interaction self-assembly
Composition
#

Lipid

bilayera

Ht b

Dc

(nm)

(10-9cm2s-1)

Acronym
(%)

1

1,2-dilauroyl-sn-glycero-3-phosphocholine

100

DLPC

2.69(±0.25)

45.1(±3.7)

2

1,2-di(10-cis hexadecenoyl)-sn-glycero-3-phosphocholine

100

DYPC

3.21(±0.17)

42.9(±1.1)

3

1,2-dipalmitoyl-sn-glycero-3-phosphocholine

100

DPPC

3.42(±0.22)

43.5(±1.6)

4

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

100

POPC

3.54(±0.19)

43.3(±1.2)

5

POPC + Cholesterol (CHOL)

67/33

PC

3.73(±0.12)

12.4(±0.3)

6

POPC+N-palmitoyl-D-erythro-sphingosine +CHOL

34/33/33

PCS

3.74(±0.09)

5.5(±0.8)

40/30/30

DPC

NA

24.8(±3.3)

DPPC+1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLiPC)+
7
CHOL
aLipid

names described here are indicative of those that match the MARTINI CG models

bHydrophobic

thickness calculated as the average distance between glycerol (GL1) backbone of the upper and lower leaflet for the
entire trajectory
cDiffusion

constant values are for the translational diffusion along the x,y plane of the membrane.
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Figure 2-7. Influence of membrane microenvironment on claudin-5 self-assembly
in (a) POPC, (b) PC, (c) PCS and (d) DPC membranes at 0, 1.5, 5, and 10 µs. Color scheme:
POPC (purple beads); DPPC (cyan beads); DUPC (green brads); CHOL (yellow beads); CER
(orange beads); and claudin-5 (red, surface representation). Water and ions are not shown for
clarity.
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Figure 2-8. (a) Snapshots of self-assembled claudin-5
(red) in POPC, PC, and PCS membranes after 10 μs (left column) of CGMD simulations, along
with corresponding lipid microenvironment showing voids (right column) instead of the proteins.
In the POPC membrane intersecting voids indicate the lack of lipids screening and formation of
TM mediated cis interaction, whereas in PC and PCS membrane distinct voids are shown that
result from lipid screening of the TM domains and dimerization mediated from ECL interactions.
(b) Zoomed-in side view of an ECL interacting dimer in PCS membrane showing lack of TM
interaction. Color scheme: claudin-5 (red surface representation); lipid head groups (brown and
purple beads); cholesterol (yellow sticks representation); lipid tails are not shown for clarity.
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2.5 Conclusions
Claudin-5 TJs are crucial to our understanding of the BBB, and yet due to the difficulties in
isolation and crystallization of claudin-5 proteins, the structural details of intact TJs are still
elusive. Alternative biochemical approaches including crystal structure determination of classic
claudins have successfully provided valuable insights into complex organization of the TJ
assembly. Nevertheless, a large part of the TJ formation puzzle remains to be solved. In this
study, using a synergistic approach combining multiscale molecular dynamics simulations and
crosslinking experiments, we present new perspectives on the cis interactions of claudin-5 TJs
that control macromolecular transport across the BBB. A high-accuracy homology model in
conjunction with the atomistic MD simulations showed how the conserved charged and
hydrophobic residues provide structural stability to the monomeric structure. Long timescale
CGMD simulations revealed that claudin-5 self-assembles into dimers that subsequently
aggregate to form longer stands. Formaldehyde crosslinking of claudin-5 expressing cells
provided experimental correlation for closely interacting claudin-5 dimers observed during the
self-assembly. Structural characterization of the dimers revealed five unique dimer interfaces (AE) that concurrently exist in the lipid membrane. Interestingly, dimer interface A is very similar
to the linear arrangement of claudin-15 observed in the crystal structure. Interface D on the other
hand corresponds to the anti-parallel β-strand arrangement previously proposed in two separate
experimental studies. Dimer B, which is mediated by TM2-TM3 matches with the dimer
interface of chimeric studies on claudin-5 reported in the in vitro experiments. It is clear from the
simulations that multiple claudin-5 dimer interfaces occur concurrently in a membrane. The
experimental findings reported thus far have independently identified single dimer interfaces
because often the experiments are designed to target a particular interface of interest. We have
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also quantified the stability of these dimers, which clearly showed that the TM mediated
interfaces are more stable compared to those mediated by the ECL. Furthermore, when simulated
in different membrane compositions containing cholesterol and ceramide, lipid screening largely
inhibited the self-assembly of strands and TM mediated interaction, resulting in dimerization
mediated by ECL interactions. These results provided a putative mechanistic insight into how
claudin-5 oligomers are assembled in different sub-cellular compartments. In membranes that
can phase separate into individual Lo-Ld domains, claudin-5 was observed to partition into the
Ld phase. Apart from presenting a novel synergistic method to probe membrane-protein
interactions, the insights from claudin-5 self-assembly in the lipid membranes will aid in
furthering our understanding of the TJs and consequently the physiological complexity of the
BBB.
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2.7 Supporting Information
Supporting Information contains additional details on the simulation methods including the MDP
parameter file, and Figures S1-S11 which are cited in the main text.
2.7.1 Homology Modeling
Multiple monomer models of claudin-5 were built using servers available at:
1) http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index[58]
2) http://zhanglab.ccmb.med.umich.edu/I-TASSER/[59]
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3) http://swissmodel.expasy.org/[60]
4) http://www.robetta.org/submit.jsp
5) http://opig.stats.ox.ac.uk/webapps/memoir/php/[61]
These models were built using the crystal structure of mouse claudin-15 (PDB ID: 4P79) as a
template [19]. The missing C-terminal domain was modeled using ab initio modeling available at
http://zhanglab.ccmb.med.umich.edu/QUARK/[62]. The models were serially refined and scored
based on the structure quality factor (http://services.mbi.ucla.edu/SAVES/) and membrane
protein quality (http://www.bioinfo.ifm.liu.se/ProQM/) along with Ramachandran plot
assessment (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). C-α backbone energies were
refined at CABS-fold server [63] (http://biocomp.chem.uw.edu.pl/CABSfold/index.php), which
employs a replica exchange simulation of the backbone energy based on the consensus from the
above models. Side chain optimizations were performed using YASARA modeling software
[64]. Multiple sequence alignment of classic claudins was performed using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/ ) and the alignment was visualized using jalview.
2.7.2 Simulation Hardware
All simulations were carried out using graphics processor unit (GPU) hardware available at
supercomputing facility hosted by XSEDE. Necessary protocols and changes were incorporated
in the algorithms to expedite the calculations. GPU hardware remarkably decreased the
computation time, typically by  compared to central processing unit (CPUs) hardware. The
calculation of   s of self-assembly simulations and  s of umbrella sampling
simulation utilized  GPU hours of computation time. All timescales reported are actual
simulation times and not scaled up for the speed up achieved in MARTINI simulation which is
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estimated to be a factor of    The total simulation time with scaling up corresponds to
  ms.
2.7.3 Membrane Insertion and Monomer Simulation
Hydrophobic thickness and the relative orientation of claudin-5 monomer with respect to lipid
bilayer were calculated at the PPM server hosted at http://opm.phar.umich.edu/server.php[65].
Input files for all atom simulations were generated from http://charmmgui.org/?doc=input/membrane[66]. All atom simulations were carried out using NAMD
 molecular dynamics engine [30] with CHARMM36 force field [20, 67]. The system
contained  POPC molecules,  TIP3 waters and  M KCl along with claudin-5 in a
simulation box of ×× nm3 size and periodic boundary conditions. The system was energy
minimized and serially equilibrated in NVT and NPT ensembles with positional restraints. The
production run for  ns was carried out in NPT ensemble without positional restraints at
 K maintained by Langevin thermostat and  atm maintained by Nosé-Hoover Langevin
piston pressure control and  fs time steps [68, 69]. Long range electrostatic interactions were
calculated using particle mesh Ewald algorithm[70]. Cut-off for calculating van der Waal’s
interactions and electrostatic interactions was set at  nm and force-shifted at  nm. The
simulation trajectories were visualized and analyzed using VMD  software and associated
plugins (http://www.ks.uiuc.edu/Research/vmd/).
2.7.4 Self-assembly CGMD Simulation
Equilibrated monomers from the previous steps were assembled in a 4×4 grid with inter centerof-mass distance of  nm using YASARA model software [64]. Similar strategy was used to
generate a larger 8×8 grid. Two other  monomer grids, one with random orientation of
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claudin-5 and another with inter center-of-mass distance of  nm were also constructed. The
monomers in each grid were coarse grained using the MARTINI [21, 31] parameter set for
proteins and the secondary structure was maintained using ElNeDyn network [32]. CG lipid
bilayers of varying compositions were built around the grids using the Insert membrane
(INSANE) script [33]. The box size of each system was adjusted to incorporate the same interprotein distance between monomers in the periodic image. Typically the membranes were
asymmetric by − lipids in order to accommodate for anisotropies in the monomeric
structure. The protein: lipid concentration was , and the systems were solvated with
MARTINI water beads. All systems had a net neutral charge with  M NaCl.
CGMD simulations were carried out using GROMACS   software suite. The systems
were energy minimized using steepest decent algorithm, followed by  ns in NVT ensemble and
 s in NPT ensemble during which the protein backbone beads had positional restrained.
Microsecond long NPT ensemble allowed for proper equilibration of the lipid membrane around
the protein. Velocity rescale thermostat [71] and Parrinello-Rahman barostats [72] were
employed with Verlet buffered pair list cut-off scheme. Dielectric screening constant was set to
r =  which corresponds to the dielectric constant of water (r = ) in MARTINI systems [21,
31]. The simulations had semi-isotropic pressure coupling in the x and y directions at 1 bar to
accommodate for the bilayer equilibration. For the production runs, all positional restraints on
the protein were removed and the protein was allowed to equilibrate freely. A  fs timestep was
used in all simulation runs, and both the energies and coordinates were written at  ns
frequency.
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The C-terminal residues from − were removed in the  monomer system to reduce the
box size in the z-direction. This modification allowed for the reduction of   beads and
enabled faster simulations. Though the intracellular part of the C-terminal starts at  the
position of  was picked based on the observations from the  monomer systems where there
were no significant interactions observed between residues beyond . Experiments have
previously shown that the dimerization and strand formation is not affected by C-terminal
modification [17]. Further to rule out any discrepancy, we checked this experimental result by
running  monomer system without C-terminal, and observed no significant change in the
dynamics or dimer conformations. However, we did observe a shift in diffusion coefficient from
   to    10-9cm2s-1 which can be accounted for the change in the overall mass.
Simulation details and the total simulation times are listed below. The  monomer system had
 martini beads corresponding to  million actual atoms, including hydrogens.
In order to rule out orientation bias and/or any configurational bias in dimerization, we repeated
self-assembly runs in 4×4 grid systems with random orientations of claudin-5 monomers and
with inter center-of-mass distance of  nm in DLPC and DPPC bilayers. The dynamics and the
dimer orientations sampled remained constant in these simulations. Similarly, some of the
simulations were repeated with different random number seeds to confirm the reproducibility of
the observed results.
2.7.5 Reverse Mapping
The coarse grained systems were reverse mapped back to the atomistic system using the protocol
described by Wassenaar et al. [35] The initram.sh script was used for reverse mapping to
transform from MARTINI to CHARMM36 force field. Typically, after reverse mapping the
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system was subjected to energy minimization and short MD simulations of  ns with atomistic
topologies and respective all atom simulation parameters described previously. Typically,  s
snapshots were reverse mapped and used for analysis. In the case of 64 monomer system only
the protein beads were reverse mapped as the system was too large for analysis.
2.7.6 Steered Molecular Dynamics and Umbrella Sampling
Post reverse mapping, the dimer conformations were analyzed and isolated from the 8×8 grid
system. Using cluster analysis (described below) the centroid average structure of the dimer from
the largest self-assembled cluster was extracted and used as input for umbrella sampling
simulations. DPPC bilayer was constructed around the dimer as shown in Figure 2-S7 and
allowed to equilibrate with positional restraints on backbone beads in NPT ensemble for  s.
The steered MD was preformed similar to the methodology previously described by Lemkul et
al. [73] Using the pull code implemented in GROMACS a harmonic pulling force at the rate of
0.00005 nm/ps was applied on one monomer, keeping the position of the other constant, the
pulling force was set at  kJ/(mol*nm2). Thirty-two individual configurations were isolated
from the pull trajectory, out of which 20 had inter protein distance of 0.1 nm, followed by 12 that
had inter protein distance of 0.2 nm, summing up to a total separation distance of =4.4 nm. The
4.4 nm separation of inter-protein distance corresponds to   nm of inter COM distance from
dimers A-C and E, and for dimer D this would mean an inter COM of   nm. These 32
configurations were then individually simulated using the umbrella sampling simulation for 200
ns, the forces were collected for analysis at 0.02 ns intervals. Three different force constants
values (750, 1000 and 2000 kJ/mol) were used in the umbrella sampling of the dimers to arrive at
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the potential mean of force reported in the main text. The potentials from umbrella sampling
windows were unbiased using the weighted histogram analysis (WHAM) method [29, 36].
2.7.7 MDP parameters used in the self-assembly simulations
;***********************************************
; SIMULATION PARAMETERS
;***********************************************
title
;define
integrator
tinit
dt
nsteps
nstcomm
comm-grps

=
=
=
=
=
=
=
=

Claudi-5 Self-Assembly
-DPOSRES
md
0.0
0.020
500000000
10
Protein LIP SOL

;***********************************************
; OUTPUT PARAMETERS
;***********************************************
nstlog
nstenergy
nstxtcout
xtc_precision

=
=
=
=

10000
25000
25000
100

;***********************************************
; NEIBHOR LIST
;***********************************************
nstlist
ns_type
pbc
rlist
cutoff-scheme

=
=
=
=
=

20
grid
xyz
1.4
Verlet

;***********************************************
; COLUMBIC PARAMETER
;***********************************************
coulombtype
rcoulomb
epsilon_r

= Reaction_field
= 1.2
= 15
64

epsilon_rf

= 0

;***********************************************
; VDW PARAMETER
;***********************************************
vdw_type
= Cut-off
rvdw
= 1.2
vdw-modifier
= Potential-shift-verlet
;***********************************************
; TEMPERATURE CONTORL
;***********************************************
tcoupl
tc-grps
tau_t
ref_t

=
=
=
=

v-rescale
Protein LIP SOL
1.0 1.0 1.0
310 310 310

;***********************************************
; PRESSURE CONTROL
;***********************************************
Pcoupl
Pcoupltype
tau_p
compressibility
ref_p

=
=
=
=
=

parrinello-rahman
semiisotropic
12.0 12.0
1e-5 1e-5
1.0 1.0

;***********************************************
; VELOCITY GENERATION
;***********************************************
gen_vel
gen_temp
gen_seed

= no
= 310
= -1

;***********************************************
; BONDS
;***********************************************
constraints
constraint_algorithm
unconstrained_start
lincs_order
lincs_warnangle

=
=
=
=
=

none
Lincs
no
4
90
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2.7.8 Visualization
Visualization of the simulation trajectories were performed on VMD 1.9.2, the movie maker
plugin was used to render the movie of self-assembly in DPC membrane. Structural analysis of
the monomers were performed in Pymol 1.7 and YASARA model software suites. Images
presented in the main text and in the Supporting document were all created using the above three
molecular viewers.
2.7.9 Monomer Analysis
The DCD trajectory files from monomer simulation were analyzed with plugins available in
VMD. RMSD was plotted using RMSD trajectory tool, and H-Bonds were computed using the
hydrogen bonds plugin with donor-acceptor cut-off 3 Å. Heat map of individual residue RMSD
was plotted using RMSD visualization tool. The equilibrium contact distance between two
interacting residues shown in the main text was plotted using an in-house Tcl script.
2.7.10 GROMACS Tools
Tools typically found in GROMACS package were used to perform cluster analysis, weighted
histogram analysis, number density profile, and diffusion co-efficient calculations. A brief
description of each analysis method used in this work is provided below.
g_cluster was used to cluster dimer interfaces over the entire trajectory. Initially, individual
dimers are isolated from the 10 s snapshot after reverse mapping, and CG beads corresponding
to these dimers were isolated by matching the chains. A RMSD matrix of the backbone beads of
the dimers was built using the tool g_rms and supplied as input for the g_cluster tool. The last 1
s trajectory of the 64 monomer system was used for this analysis with frames at 20 ns intervals
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(50 frames). GROMOS[74] clustering method was used with a cut off of 0.6 nm i.e., two
structures are part of a cluster if their RMSD deviation from reference structure is below 0.6 nm.
g_density was used to calculate the number density profiles of lipids around the protein. Only the
last 200 ns of NPT simulation trajectory was used for these analyses at 10 ns timestep.
g_msd was used to calculate the lateral diffusion co-efficient of the protein using Einstein
relations.
g_wham was used to perform weighted histogram analysis. The bin size was set to 200 with –ac
option to calculate integrated autocorrelation times. Error estimation was performed using
Bayesian bootstrapping method. All profiles were shifted to 0 at inter protein distance of
= nm.
2.7.11 Contact Map Analysis
Contact maps of interacting residue chains (Figure 2-S7) were plotted using the serves available
at http://ligin.weizmann.ac.il/cma/ and
https://www.molnac.unisa.it/BioTools/cocomaps/view.psp. In order to arrive at a probability
distribution of interacting residues, we calculated all possible residue contacts that were within 8
Å of each other from the pool of dimers observed during self-assembly simulations. The
probability distribution of two residues coming in contact was calculated using the following
formula
∑ 𝑥𝑖(𝑅 ↔𝑅 )

𝑃𝑅𝑎↔𝑅𝑏 = ∑ 𝑋𝑖(𝑅 𝑎 ↔𝑅𝑏 )
𝑚

𝑛

where, 𝑃𝑅𝑎↔𝑅𝑏 is the probability of residue 𝑅𝑎 coming into contact with residue 𝑅𝑏
∑ 𝑥𝑖(𝑅𝑎 ↔ 𝑅𝑏 ) is the total number of times residue a and b come in contact with each other.
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∑ 𝑋𝑖(𝑅𝑚 ↔ 𝑅𝑛 ) is the sum of all possible residue-residue contacts observed.
The probabilities from the above calculation were normalized to the maximum value of the
probability distribution

𝑃 ∗𝑅𝑎↔𝑅𝑏 =

𝑃𝑅𝑎↔𝑅𝑏
max(𝑃𝑅𝑚↔𝑅𝑛 )

The calculations and probability analysis were carried out using in-house python scripts, and the
plot shown in the main script is plotted using matplotlib package.
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Figure 2-S1. Sequence alignment between Human claudin-5 and mouse claudin-15.
Sequence similarity is highlighted in blue.
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Figure 2-S2. Multiple sequence alignment of human classic claudins
(1-10 and 15) showing sequence conservation (gradient of blue) and the key residue positions (indicated with pointers shown in the
legend).
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Figure 2-S3. Structural quality measurements of the predicted claudin-5 monomer.
(a) Showing Ramachandran plot of the 218 residues with Ala187 in the outlier region. (b) Showing the Z-score estimate for the
structure calculated from PROSA server.
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Figure 2-S4. Topology and membrane orientation of claudin-5.
(a) Showing the topology of claudin-5 in the lipid bilayer. (b) The calculated orientation of claudin-5 with respect to its hydrophobic
thickness, table showing embedded residues.
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Figure 2-S5. (a) Cutaway image of a typical 4×4 grid simulation box containing claudin-5
(red) embedded in a lipid bilayer (cyan, green and yellow) with CG MARTINI water beads (pink) and counter ions (gray), (b) lateral
view of the grid in DPC membrane, (c) number density profile of DPPC membrane around claudin-5 showing vibrational phase
behavior around claudins, and (d) 10 μs snapshot of the self-assembled claudin-5 monomers in DPPC bilayer.
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Figure 2-S6. Top view of the 8×8 grid system
(a) at t=0 μs and (b) t=10 μs (c) showing protein network without the bilayer, and (d) reverse
mapped into all atom representation. The dotted circle containing a 10 monomer strand that was
shown in the main text.
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Figure 2-S7. Formaldehyde crosslinking reaction mechanism
(a) showing S1 formation of Schiff-base followed by S2 formation of a methylene bridge. Panel
(b) shows dimer conformations A-D showing crosslinking interface with S1 site in red (Lys or
Trp) and S2 in blue.
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Figure 2-S8. Comparison between the claudin-15 cis interaction previously observed/predicted
and claudin-5 cis interaction seen during the simulations.
Panel (a) showing dimer A of claudin-5 and panel (b) shows the linear arrangement of claudin15 observed during crystal structure (PDB:4P79) [19]. Panel (c) showing the ECL1 arrangement
of dimer D observed in the self-assembly simulations of claudin-5 and panel (d) shows the
previously published predicted model of claudin-15 ECL-1 dimer [18]
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Figure 2-S9. Contact maps of interacting residues between chains of dimers
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Figure 2-S10. Steered molecular dynamics and umbrella sampling simulation set up and results.
Panels show dimer B embedded in a DPPC bilayer at (a) equilibrium distance and (b) at ξ = 2 nm.
Panel (c) shows the harmonic pull force curves the five dimers and panel (d) shows the WHAM
analysis histogram with overlapping peaks corresponding to three different force constants of 750
kJ/mol, 1000 kJ/mol, and 2000 kJ/mol.
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Figure 2-S11. Structural and sequence alignment of claudin-5 and claudin-19.
(a) Showing superposition of the crystal structure of murine claudin-19 PDB: 3X29 (Pink) [41]
with the claudin-5 monomer (Cyan), the leucine residues forming the zipper domain is shown in
the zoomed image. Claudin-5 residues are labeled in blues and claudin-19 residues are labeled in
red. (b) Showing the sequence alignment of TM2 (80-95) and TM3 (120-135) domains from
human claudin-5 and claudin-19, similarity is indicated with a ‘ * ’.
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CHAPTER 3

ARCHITECTURE OF THE PARACELLULAR CHANNELS FORMED BY CLAUDINS
OF THE BLOOD-BRAIN BARRIER TIGHT JUNCTIONS

Irudayanathan, F.J., Wang, N., Wang, X. and Nangia, S. (2017), Architecture of the paracellular channels formed
by claudins of the blood–brain barrier tight junctions. Ann. N.Y. Acad. Sci., 1405: 131-146.
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3.1 Abstract

Tight junctions are key players in determining the tissue-specific paracellular permeability across
epithelial and endothelial membranes. Claudin proteins, the primary determinants of tight
junctions’ structures and functionality, assemble in paracellular spaces to form channels and pores
that are charge and size selective. Here, using molecular dynamics simulations, we elucidate the
molecular assembly of claudin-3 and claudin-5 proteins of the blood-brain barrier tight junctions.
Despite having a high degree of sequence and structural similarity, these two claudins form
different types of cis interactions. Molecular docking of the observed cis interfaces into trans forms
revealed two putative pore models that were also observed in the self-assembly simulations. The
observed pores structures (Pore I and II) have pore-lining residues that have been reported
previously in the literature. Pore I model is consistent with a previously reported claudin-15 model.
The pore II model, also consistent with biochemical results, has not been reported previously.
Further analysis using in silico site-directed mutations provided convincing support for the validity
of the pore II model. Using steered molecular dynamics and umbrella sampling, we computed the
transport properties of water and α-D-glucose through pore II. The study offers new insight into
the selectivity of the blood-brain barrier tight junctions.
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3.2 Introduction
Tight junctions (TJs) regulate the size and charge selective paracellular transport across the
epithelial and endothelial cell layers by acting as barriers to or pores for small solutes.[1-5]
Claudins, a 27-member family of transmembrane proteins in mammals, establish the structural and
functional features of TJs with tissue-specific expression.[4, 5] Claudin protomers assemble at
apical plasma membranes to constitute TJs that appear as an anatomizing network of strands under
freeze-fracture electron microscopy.[3, 6, 7] To form TJs, claudins assemble along the membrane
of the expressing cell via cis interactions and across adjacent cells via trans interactions. These
interactions can be either between the same claudin (homo) or between two different members of
the claudin family (hetero). Understanding the biophysical and biomolecular mechanism of how
claudins assemble to form the TJs is of fundamental importance and has broad biomedical
significance.[8] Despite the potential clinical impact of elucidating the properties of TJs at the
molecular level, e.g., for drug permeability across these physiological barriers, this fundamental
knowledge remains elusive owing to experimental limitations that prevent direct inquiry into the
structure and function of TJs.[9]
Claudin proteins (~27 kDa) fold into a four-transmembrane helix bundle (TM1–4) with two
extracellular loops (ECL1–2), cytoplasmic terminal residues, and an intracellular loop (ICL).[9]
Biochemical investigations have contributed to a better understanding of claudins’ interactions at
the TJs. In particular, site-directed mutations have helped identify the residues important for cis
and trans interactions as well as the pore-lining residues. Recent breakthroughs in solving partial
crystal structures of claudins (mCLDN-15,[9] -19[10] and hCLDN-4[11]) provide a better
understanding select claudin structures and how they interact with the C-terminal domain of

90

Clostridium perfringens enterotoxin. However, these structures were unsuccessful in elucidating
the functional TJ architecture.
Independent research groups have probed the cis-dimeric interfaces of claudin-1, -3, -5, -15, -16
and -19 and have shown the residues involved in mediating dimeric interfaces. These interactions
can be broadly classified into four types: (a) knob and hole hydrophobic interactions of ECL1 and
ECL2 as seen in claudin-15 crystal contacts, (b) TM2-TM3-mediated interactions suggested for
claudin-5, (c) TM3-TM4 interaction suggested for claudin-16/19, and (d) ECL-1 fourth β-sheetmediated interaction for claudin-1,-3 and -15.[9, 12-15] Despite the structural insights gained from
these experimental studies, the spatial and temporal resolution required to observe the dynamics
of claudin assembly are often lacking. Previously, we have approached this challenge by using the
computational tools of molecular dynamics (MD) to investigate the dynamic self-assembly of
claudin-5 interactions.[16] In that work, our simulations revealed that structural assemblies
matching the four aforementioned cis dimeric interfaces are all feasible in claudin-5, shown in
Figure 3-1a (referred to as dimers A through D from here on). Furthermore, we found that different
claudins (-1, -2, -4, -15 and -19) have preferred cis dimer orientations determined by their
surrounding membrane milieu. In some cases, these cis interactions can lead to highly symmetric
trimers and other higher-order assemblies.[17]
In this work, we extend our characterization methods to cis and trans interactions observed in the
blood-brain barrier TJs formed by claudin-3 and -5. We further investigate the putative trans
interfaces via self-assembly simulations and molecular docking of stable cis dimeric interfaces.
Both of these approaches led to two paracellular pore models that corroborate existing
experimental results on pore lining residues.[15, 18-20] Of the two models, the pore I model is
consistent with the earlier reports,[15] whereas the pore II model is structurally distinct even
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though it aligns well with pore lining residues identified previously by others.[15, 20] Site-directed
mutations based on experiments by Rossa et al.[12] and other biochemical analyses provide
support for the pore II model presented here. We further characterize the pore II structure and
report the dynamics of water and α-D-glucose transport through the pore using steered molecular
dynamics.
3.3 Methods
3.3.1 Molecular Modeling
Full-length homology models of claudin-3 and claudin-5 were built using protocols described
previously.[16] The disordered regions of the C-terminal were modeled using the ab initio protein structure
prediction algorithm available on the QUARK server. The full-length models were then embedded in the
lipid bilayer using the PPM server. All claudin-3 and -5 point mutations were carried out using the FoldX
plugin and the YASARA software utilities. All atomistic protein structures were energy minimized and
equilibrated in lipid membrane environment for structural relaxation.

3.3.2 Atomistic Simulations
All atomistic simulations were carried out using GROMACS molecular dynamics engine. Atomistic
parameters for the proteins, lipids, TIP3P and ions were determined according to the CHARMM36 force
field.[55-57] For protein structure optimization, a single protein was embedded in a 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC) lipid membrane. For the pore systems, the trans interacting claudins
were embedded in two POPC lipid membranes representing adjacent cells, surrounded by water and counter
ions in a triclinic periodic box. The simulations were performed with a 2 fs integration time step. The protein
was initially subject to energy minimization using the STEEP algorithm, followed by 200 ns of equilibration
runs in the isothermal-isochoric (NVT) and isothermal-isobaric (NPT) ensemble. The protein backbone was
position restrained during the equilibrations runs. For production runs, position restraints were removed,
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temperature was maintained at 310 K using Nose-Hoover thermostat with 1.2 ps coupling constant, and
pressure was coupled using the Parrinello-Rahman barostat with a 5.0 ps coupling constant and 4.5×10−5
compressibility constant. The pressure was coupled separately in the xy-direction and the z-direction in the
semi-isotropic scheme to ensure that the membrane (with normal on the z-direction) experiences zero
surface tension. The bonds with hydrogen atoms were constraints and solved using the linear constraint
solver (LINCS). Long-range electrostatic interactions were calculated using the particle mesh Ewald (PME)
algorithm at 1.2 nm cut-off, and the van der Waal’s interactions were calculated with 1.2 nm cut-off.[57,
58]

3.3.3 CG Simulations
The CG models of the claudin monomers were built from the equilibrated atomistic structures. The
disordered C-terminal residues beyond position 190 were truncated in all cases because the C-terminal has
been shown not to affect the cis interaction both in simulations and in experiments. For cis self-assembly,
claudin monomers were arranged in a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) membrane patch
containing an 8×8 grid of monomers with 6 nm spacing. For the trans assembly simulations, claudin-5
protomers were arranged in the DOPC membrane as in the cis assembly and duplicated to mimic the
adjacent cell. The Martini 2.2 force field[59-61] parameters were used. The simulations were carried out in
NPT ensemble according to the latest input parameters consistent with Martini force field. All cis assembly
simulations were repeated ten times for 3 µs each. The simulation snapshots were collected at 500 ns
intervals for distribution analysis of the dimeric interactions. Post-simulation orientation analysis of the
assembled dimers was performed as described by Wassenaar et al.[62]. Briefly, the angles α and β (as
shown in Figure 3-1a) were calculated. The distribution of these angles was then fitted to a probability
density function plots for each claudin system. The probability density function was calculated using nonparametric kernel density estimation method.[63]
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3.3.4 Molecular Docking and Visualization
The cis interacting dimers from the simulations were isolated from the full system and classified into A-D
dimers. For each dimer type, the dimer with lowest interaction energy was used as the representative
structure for molecular docking. The docking simulations were performed on the online ClusPro server.
Distance restraints were applied to the terminal residues to maintain the paracellular distance across two
cell membranes, i.e., assuming the thickness of a single membrane to be approximately 3.4 nm, and the Nterminal residues of a trans interacting claudin were assigned a lower bound of 7.0 nm. The docking runs
were carried out multiple times with iterative optimization of the restraint parameters. The docking
solutions were then visually screened for the pore-like models. Visualization at various stages of the work
and the images represented in this paper were rendered using PyMol, VMD and YASARA;[64, 65] the
movies were rendered in VMD.

3.3.5 Pore Transport Simulations
To simulate the transport of water and α-D-glucose across the pore, we utilized the steered molecular
dynamics protocol implemented in GROMACS, the protein backbone was restrained with a 2.5 kJ mol -1
nm-1 force constant. Atomistic parameters of α-D-glucose were obtained from the CHARMM36 force field
for sugars.[55, 57] A single glucose molecule was positioned at the mouth of the pore by replacing ten
water molecules. The glucose molecule was then pulled through the pore using a constant harmonic force
of 10000 kJ mol−1nm−2 and a velocity of 0.01 nm ns−1. Windows spaced at 0.1 nm showing the translocation
of glucose through the pore were identified and simulated using the umbrella sampling protocols. For each
window, the harmonic force was switched to 1000 kJ mol−1nm−2. The forces were saved and analyzed using
the weighted histogram analysis method (WHAM).[66] The same process was repeated for water molecule
transport.
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3.4 Results
3.4.1 Claudin-3 and Claudin-5 self-assembly simulations
To elucidate the cis assembly of claudin-3 and claudin-5, we performed coarse-grained (CG)
molecular dynamics simulations. Ten simulations were performed for each claudin with simulation
times extending up to ten microseconds. The final snapshots of self-assembled claudin strands for
each system and the combined probability density function of their dimer populations are shown
in Figure 3-1. The probability density function was calculated based on the distribution of
orientation angles of one monomer relative to its interacting partner (Figure 3-1b). In claudin-3,
dimer A is the predominant dimer type, followed by dimer C and then dimer D, and a significant
population of the symmetric trimer (Figure 3-1c), while dimer B is almost absent. Some dimer
orientations observed late in the strand-forming cascade could not be classified as A-D dimers, but
these unclassified dimers may play a role in forming higher-order assemblies. In claudin-5, dimer
A and dimer B are the predominant dimers, followed by dimers C and D (Figure 3-1d), and no
substantial trimer population. Although we extended the simulations up to 10 µs, we observed no
significant changes in the dimer distributions or strand morphologies beyond 3 µs of simulation
time. The observed dimeric interfaces A–D are consistent with experimental and modeling results
reported for claudins.[9, 12-16] The cis assembly is a membrane-driven process and perhaps
occurs early in the claudin secretion pathway leading to stable dimers that form the precursors for
trans interactions at the TJs.
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Figure 3-1. Claudin-3 and -5 cis self-assembly simulation results.
(a) Side and top views of dimer conformations observed in claudin-5 (cartoon representation;
colored based on the secondary structure; helix-red, strands-yellow and coils-green). Panel (b)
shows angular definitions used for calculating the dimer orientation analysis. Final snapshots of
(c) claudin-3wt (orange) and (d) claudin-5wt (yellow) strand morphologies in lipid membrane
(cyan beads), for ten repeated runs, along with the 2D contour plot of the combined dimer
probability density function (individual dimers are labeled A-D; trimers as T; the scale shows the
magnitude of the contour lines).
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Figure 3-1S. Revised representation of claudin dimer orientation angels.
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Figure 3-2. Structures of Pores I and II.
Side and top views of (a) pore I formed via D:D dimers and (b) Pore II formed via B:B dimers.
Claudin-5 (cartoon representation) protomers are colored based on the secondary structure (helixred, strand-yellow, and coil-green); and POPC lipids (bead representation) are colored based on
their head and tail groups (head-cyan; tail-brown). For each pore, a zoomed-in view of the pore
cavity (gray, surface representation) and variation of pore diameter versus pore length (nm) is
provided.
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3.4.2 Predicted Pore Structures
Building upon the stable cis dimer conformations, we investigated putative trans interactions that
represent cell-cell adhesion structures in the TJ assembly. We isolated self-assembled cis dimers
from the claudin-3 and -5 strands and used them as precursors for molecular docking with distance
restraints to match the paracellular spacing in TJ trans assembly. Multiple combinations of trans
docking solutions for dimers A–D were sourced from ClusPro server.[21] Interestingly, docking
of dimers B and D with their respective opposing trans partners (B:B and D:D) resulted in
symmetric pore-like interfaces (Figure 3-2). The remaining trans combinations, A:A, C:C, and
other permutations (e.g., A:B, B:C, A:D), resulted in non-pore forming interfaces due to an
unfavorable orientation of the ECLs domains. Claudin-3 and -5 are conventionally regarded as
barrier claudins by their ability to seal the paracellular cleft for passive diffusion of solutes.[6, 22-24]
Unlike pore-forming claudins, such as claudin-2, -10, -15 and -17 that are known to increase the
selective permeability of charged molecule, in cells expressing claudin-3 and claudin-5, there is
an increase the trans-epithelial electrical resistance (TEER) and a decrease in cation
permeability.[5] Given this, it is interesting to note that the two cis dimeric interactions, which are
consistent with experimental reports, also form pore-like assemblies in these claudins.
In earlier work using molecular modeling of claudin-15, Suzuki et al. showed that dimer D type
cis interaction could explain their mutation results and demonstrated how cis interactions could be
the precursor to the trans pore model.[15] The pore formed by dimer D (henceforth referred to as
pore I) is similar to the claudin-15 pore model proposed by Suzuki et al.[15] (Figure 3-2a), whereas
the pore formed by dimer B has not been proposed previously in the literature. Since dimer B is
largely absent in claudin-3, all references to the pore structures from here on will be based on
claudin-5 dimers. Pore I in claudin-5 has an average pore diameter of 0.89 ± 0.06 nm with the
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widest and narrowest points measuring 1.0 and 0.79 nm, respectively. The average diameter of
pore II is 0.97 ± 0.07 nm with the widest and narrowest points measuring 1.05 and 0.84 nm,
respectively. Both pore I and II diameters are certainly smaller than the narrowest diameter (1.5
nm) of connexin gap junction channels.[25]
Remarkably, both pore models have the same type of trans interface formed by interactions
between the ECL1 regions spanning residues 34–43 and 67–76, and with ECL2 residues 149–156.
The trans interface is composed of interactions between solvent-exposed hydrophobic residues as
well as polar contacts involving the backbone atoms. The feature that distinguishes the two pores
is the orientation of ECL1 pore-lining residues, which present the electrostatic surfaces (Figure 33). In pore I, the conserved cysteine 64 residue is at the center of the pore, whereas in pore II it is
at the mouth of the pore. The electrostatic potential energy surface (EPS) of the claudin-5 cis
dimers shows the differences in the distribution of charged residues between the two pores (Figure
3-3). Further, the hydrophobicity surface of the pore ECL domains show that the overall surface
is hydrophilic and will likely be in contact with water. Since pore-forming dimers B and D are
observed to co-localize with non-pore forming dimers A and C during cis assembly, it is
conceivable that both pores are probably present at the TJ interface along with the other trans
interactions. Of note, out of the ten possible trans interaction combinations (A:A, B:B, C:C, D:D,
A:B, A:C, A:D, B:C, B:D, and C:D) only two (B:B and D:D) result in pore forming interfaces.
Additionally, trans self-assembly simulations were performed to determine the feasibility of the
predicted pore-like molecular architecture. Using claudin-5 protomers arranged in two adjacent
lipid membranes (Figure 3-4a) self-assembly simulations were performed for 20 µs (Supporting
Information-movie1). Despite being a CG simulation, the enormity of the system (comprising 128
claudin-5 protomers in lipid membrane and explicit solvent, representing over a million atoms)
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presented a computational challenge. A 20 µs snapshot shows partial cis and trans assembly among
the claudin protomers (Figure 3-4b). Although complete strand formation warranted longer
simulation time, instances of trans interfaces having the same interacting residues as the docked
pore structure were observed (Figure 3-4c–d). Furthermore, multiple instances of ECL2
interactions between the conserved F147 and Y148 residues were observed, which match with an
earlier model reported by Piontek et al. for claudin-5 (Figure 3-4f).[7] The residues F147 and Y148
from one monomer constitute a π-π stacking interaction with the complementary residues from the
opposing monomer; further the hydroxyl group of tyrosine Y148 forms polar contact with the
backbone of F147 of the opposing monomer. Both the interaction constituting the pores and the
ECL2 interaction are also seen to co-localize in the trans assembly. The self-assembled pores were
within ~2.0 Å2 root-mean-squared deviation from the structure seen in docking. The formation of
the same trans interfaces from molecular docking and self-assembly, two completely different
approaches, supports the viability of the proposed trans interaction models, both energetically and
structurally, for claudin-5. Additionally, the interaction energy of the trans assembly measured
using PISA (and FoldX)[26, 27] showed the interaction energy to be -8.3 kcal mol-1. To put these
values in perspective, the trans interactions observed in the adherens junction of Ca2+ loaded Ecadherin ss-dimer (PDB:2QVF)[28] has an interaction energy of -60.3 kcal mol-1. Since dimer D
type interactions have been suggested for both pore-forming and barrier claudins, and Dimer D
involves interactions between the conserved cysteine residues, it is highly likely that both dimer
D type cis interactions and the corresponding pore I trans interface are signatures of all claudins
(or at the least classic ones). In contrast to and unlike dimer D, dimer B type interaction is observed
in claudin-5 and not in claudin-3, suggesting that dimer B and its subsequent pore II interface could
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be important in claudin-5. To verify this possibility, further validation of pore II interface is
needed.
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Figure 3-3. Surface characterization of dimers B and D.
Top panel show the EPS (top view) of (a) dimer D and (b) dimer B (colored from red to blue;
scale of -2 to +2 kcal mol-1 e-1). The middle panel shows the corresponding orientations (cartoon
representation) of the claudin-5 protomers (secondary structure; helix-red, strand-yellow, and
coil-green) along with the putative path (blue dashed line) of a solute traveling through the pore;
conserved cysteine bridge is highlighted in pink. Bottom panel shows the corresponding
hydrophobic surface colored according to Kyte-Doolittle hydrophobicity scale.[67]
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Figure 3-4. Claudin-5 trans self-assembly simulation results.
Snapshot of the (a) initial system showing claudin-5 (purple, surface representation) embedded in two adjacent DOPC (cyan and brown
beads) cell membranes with explicit water (magenta, beads) and ions (yellow, beads), and (b) the system after 20 µs (solvent is hidden
for clarity). (c) A portion of the system (reverse mapped) showing the trans interactions of the claudin-5 protomers (colored based on
the secondary structure) observed during the simulation. The claudin protomers (red and yellow) highlight the pore-like trans assembly
(black, dot) along with other protomers (cyan) observed in the strand. The arrow marks the point of F147, Y148 interactions. Panels (df) provide the zoomed-in views of the trans interacting amino acid residues (single letter codes, stick representation and gray, dotted
line for contacts).
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3.4.3 In Silico Site-Directed Mutation Analysis of cis Interactions
To validate the pore II model, we identified biochemical evidence in the literature that supports
dimer B type interactions for claudin-5. Using chimeras of claudin-3 and claudin-5 as well as sitedirected mutations, Rossa et al.[12] demonstrated that mutation of key TM3 and ECL2 residues
affected the mobility of claudin-5 complexes in blue native polyacrylamide gel electrophoresis.
They also reported that wild-type claudin-5 formed a 1% n-dodecyl-β-D-maltoside (DDM)
resistant dimer (which is most likely a cis dimer) and that the I142T mutation disrupted the
formation of some dimers, resulting in monomers. The I142T mutation also affected the barrier
properties of the claudin-5 TJ strand. It was also shown that the F139S mutation alone was
insufficient to disrupt the dimers. Similarly, in claudin-3/5 chimera ChA (N-term to TM3 claudin3 and ECL2 to C-term claudin-5) the S138F mutation enhanced contact enrichment and established
a diffusion barrier for 870 Da tracer, whereas the double mutation of S138F and I141I disrupted
enrichment. Collectively, these observations suggested that the residue positions I142 in claudin5 and S138 in claudin-3 are important for their respective cis interactions.
Based on these experimental observations, we hypothesized that the cis dimeric interactions
observed by Rossa et al. in native PAGE are dimer B type interactions and that these interactions
are essential for the barrier properties of claudin-5. To test this hypothesis, we performed MD
simulations of cis assembly using a site-directed mutant of claudin-5 (referred to as claudin-5M)
created by swapping two residue positions with claudin-3 residues, specifically F139S and I142T.
The claudin-5M self-assembly simulations were carried out using the same simulation protocols
established for the wild-type claudin-5. The trajectory and final snapshots of the simulation are
shown in Figure 3-5a. There was no visually observable difference in the strand morphologies of
claudin-5wt and claudin-5M; however, the probability density function of claudin-5M dimers
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showed a significant decrease in the region corresponding to dimer B (Figure 3-5b). To identify
all the regions that are affected by these mutations, we plotted the difference in the probability
density function in Figure 3-5b. The results suggest that the assembly of dimer B in claudin-5 is
hindered by the F139S/I142T mutations, further supporting our interpretation that dimer B is most
likely the same interface probed by Rossa et al.[12]
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Figure 3-5. Claudin-5M cis self-assembly results.
Final snapshots of claudin-5M strand morphologies (yellow, surface representation) in lipid
membrane (cyan, beads) for ten repeated runs, and (b) the 2D contour plots of the combined dimer
probability density function for claudin-5 wt, claudin-5M and the difference in density between
the wild-type and mutated form (CLD5wt - CLD5M). The individual dimers are labeled A-D, and
the scale bar shows the magnitude of the contour lines.
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Figure 3-5S. Revised images of the claudin-5 angle distribution the scales represent probability
density function.
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Figure 3-6. Structural flexibility in claudin-3 and -5.
(a) Sequence alignment of claudin-3 and -5 (with 56% identity and 86% similarity). The residues
that are swapped during the mutation are highlighted in green, and the residues forming hydrogenbonding network in claudin-5 and claudin-3M are marked with yellow arrows. (b) The angle per
helix parameter calculated over the 300 ns all-atom MD simulation trajectories of claudin-3 (blue
line), claudin-5 (pink line), and claudin-3M (gray line). (c) Structural alignment between claudin3 (blue, cartoon) and claudin-5 (pink, cartoon) and the residue P134/135 (red, stick). Panels (d-g)
are the zoomed-in views of the structural differences in claudin-3, claudin-3M, claudin-5M, and
claudin-5M, respectively. The protein is shown in gray cartoon representation; key H-bond
residues are colored in gray, mutated residues are colored green residue P134/135 is colored in red
and shown in stick representation. The yellow colored dashes represent hydrogen bonds.

109

3.4.4 Flexibility of TM3
To discern the biophysical interactions guiding the drastic reduction in claudin-5 protein’s ability
to form dimer B upon site-directed mutagenesis, we analyzed the claudin-3/-5 protomers in detail.
Claudin-3 and -5 share about 56% identity and 86% similarity between their residues (Figure 36a), are co-expressed in the blood-brain barrier TJs,[5, 22] and exhibit hetero-compatibility in the
TJs.[29, 30] Despite their high level of sequence identity, the characteristics of their TJs are both
structurally and physiologically distinct.[5, 8, 12] In both claudin-3 and -5 (and in most of other
claudins) the TM3 contains a helix-breaking proline residue (P134/135), which causes a kink in
the helix and consequently leads to the flexibility at the C-terminal end of TM3 and ECL2. Given
that TM3 is involved in mediating dimer B’s cis interactions, this flexibility could be an important
factor in influencing the conformation of the resulting dimer.
To evaluate the flexibility of TM3, monomeric claudin-3 and claudin-5 were monitored over the
course of the atomistic MD simulation. Local helix distortions in the TM3 were calculated over
time using the angle per helix parameter, which indicates the degree of distortions/curvature in the
helix (Figure 3-6b). A plot of residues 128-145 shows that claudin-3 TM3 is distorted to a
maximum angle of ~50°, whereas claudin-5 remains remarkably rigid. The differences in
distortions between the two structures are interesting in light of P134/135 sitting at relatively the
same position in each claudin (Figure 3-6c). In claudin-3, we attribute this difference to the
presence of alternating serine and threonine residues in the pitch of the helix (T131, S136, S138,
and T141), proximal to the P134 kink. Typically, the hydroxyl groups of serine and threonine,
when located within the transmembrane helix, compete with the backbone atoms for hydrogen
bonds[31] and disrupt the hydrogen bonding network of TM3 causing a large curvature change
along the helix (Figure 3-6d). In contrast, the claudin-5 TM3 domain, almost devoid of serine and
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threonine residues, is held together via intramolecular salt bridges and hydrogen-bond network
between E76-W138-R145 residues (Figure 3-6e). The hydrogen-bond network provides a solvent
screening effect to the adjacent hydrophobic residues I142 and F139, thereby mutually stabilizing
flexibility of TM3. Molecular simulation analysis reveals that the TM3 domain, important in dimer
B formation, varies in the level of flexibility in claudin-3 and -5 despite having high sequence
similarity.
Furthermore, key claudin-5 residues were introduced into claudin-3 (Claudin-3M) to render
claudin-3’s TM3 helix inflexible. As illustrated in Figure 3-6b, S138F/T141I mutations indeed
enhanced the rigidity of TM3 in claudin-3M; a salt-bridge interaction was established between
residues D75–R144 (Figure 3-6f) like that observed in claudin-5. A complementary F139S/I142T
mutation in claudin-5 did not significantly affect the rigidity of the TM3 although it did disrupt the
key salt-bridge interaction that was observed in claudin-5 wild type (Figure 3-6g). Additionally,
cis self-assembly simulations of claudin-3 and Claudin-3M yielded similar strand morphologies;
however, the probability density functions of the strands showed an appreciable increase in dimer
B interactions and a disappearance of trimers (Figure 3-7). Overall, we infer that the TM3
flexibility in wild type claudin-3 hinders dimer B formation, and substitution of claudin-5 residues
at S138 and T141 provides a sufficient increase in the TM3 rigidity to promote dimer B type
interactions.

111

Figure 3-7. Claudin-3M cis self-assembly results.
Final snapshots of claudin-3M strand morphologies (orange, surface representation) in the lipid
membrane (cyan, beads) for ten repeated runs, and (b) the 2D contour plots of the combined
dimer probability distribution function for claudin-3 wt, claudin-3M and the difference in density
between the wild-type and mutated form (CLD3wt-CLD3M). The individual dimers are labeled
A-D, and the scale bar shows the magnitude of the contour lines.
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Figure 3-7S. Revised images of the claudin-3 angle distribution the scales represent probability
density function.
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Figure 3-8. Transport dynamics.
(a) The potential of mean force (PMF) curve of the translocation of water (blue) and α-D-glucose
(red) along a path (ξ) through pore II. (b) A schematic showing osmotically driven molecular transport
of α-D-glucose via transcellular (GLUT1) and paracellular (Pore I and II) pathways.
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3.5 Discussion
Multiscale methods have been utilized in this study to elucidate the cis and trans assembly of
claudin-3 and -5 proteins. Results show that despite having 56% sequence identity, claudin-3 and
-5 do not form the same types of cis interactions. Claudin-3 primarily forms E-face (towards
extracellular space) associated strands, whereas claudin-5 forms P-face (towards the cytosol)
associated particle type TJs.[12, 14, 42] Based on analysis of claudin-3 and claudin-5 selfassembled strands and dimer distributions, four key distinguishing features were identified about
these two claudins. First, in claudin-3, the high probability of dimer D formation supports the Eface associated strands observed in experiments because dimer D cis conformation is formed via
ECL-ECL interactions of the claudin protomers and not the TM domains. Additionally, the high
dimer D occurrence suggests that claudin-3 trans interactions will lead to pore I type assemblies.
As reported previously, the stability of dimer D is at least an order of magnitude lower than dimer
B, a feature that may explain why claudin-3 dimers are sensitive to detergent solubilization.[12,
16] Second, wild type claudin-3 forms significant numbers of symmetric trimers. These
assemblages disappear upon S138F/T141I mutations and result an increase in the dimer B
population. Third, in claudin-5 dimer B is adversely affected by the F139S/I142T mutations. The
involvement of the TM in mediating dimer B formation may explain why claudin-5 is detergent
resistant and forms P-face associated particle type strands. Claudin-5 also most likely forms trans
interactions consistent with both pore I and II interfaces in the paracellular space. Fourth, as
observed in this study, the flexibility of TM3 is quite different between claudin-3 and -5; this
flexibility appears to be an important factor in determining the dimer B type cis interaction (and
Pore II). The proline residue that contributes to the backbone flexibility is conserved in many other
claudins; therefore, it will be of interest to investigate whether TM3 flexibility is a determining
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factor in the type of pore that is formed, and how this flexibility might play a role in controlling
pore dynamics over longer timescales.
It is worth noting that a structural symmetry is conserved in both the cis interactions and the trans
interactions. In fact, the pore I and II both have D2 symmetry. Most membrane proteins form
assemblies with two or more identical subunits in quaternary structure while preserving symmetric
interactions. There is evidence of evolutionary pressure to conserve such symmetries:[43, 44] for
example, the cadherin family of proteins constituting the adherens junctions[28, 45] and the
connexin family of gap junction proteins [25, 46] both assemble in the paracellular space forming
cis and trans interactions that are individually symmetric. Similarly, the symmetric pore
assemblies observed in this study are more likely trans interactions, and such symmetries may be
conserved within the claudin family. Dimers A and C likely play a crucial role in the TJ assembly,
although they do not contribute to symmetric trans interactions. Mutations affecting both these
interfaces have been shown to affect the TJs in claudin-15[9] and claudin-16/19.[13] Further
experiments that target these specific dimer interactions would reveal their structural and
functional aspects in detail.
The fact that two barrier claudins constitute pore-like assemblies is remarkable. The computed size
of pore I (~0.8 nm) and pore II (~1.0 nm) in the open state is adequate to allow permeation of ions
and small molecules with a hydrodynamic radius of ~1.0 nm. As mentioned earlier, both claudin3 and -5 are known to affect cation permeability, and neither is known to enhance the permeability
of solutes.[23, 24, 47] Nevertheless, the observation of barrier claudins constituting pore-like
assemblies does not change the paradigm of TJs being a permeability barrier. In fact, in claudin5, pore-forming trans interactions are only two of the ten possible combinations of opposing
dimers; the remaining interactions result in occluded paracellular space. In addition, the ratio of
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the number of pores to occluded interactions will be a strong influencing factor in determining the
overall permeability of the TJs. Further, the computational results reported here only account for
the homotypic cis and trans interactions, which are bound to change in TJ forming cells where
there is co-localization of multiple claudins.
Considerable experimental literature suggests that irrespective of barrier claudin expression,
paracellular space is never completely occluded, thereby lending support to the pore like trans
interactions observed in this study. Typically, in experiments characterizing the solute
permeability across TJs, the claudin of interest is expressed in leaky epithelia (MDCK) alongside
with other endogenous claudins. In these cell lines, the barrier claudins (-1, -3, -4 and -5) reduce
but do not abolish the permeability of ions and small molecules. For instance, in the case of
claudin-4, van Itallie et al. demonstrated that claudin-4 overexpression did not affect [3H]-mannitol
(~182 Da) flux.[48] In other studies, Amasheh et al. [47] and Wen et al. [23] observed no
pronounced difference in [3H]-mannitol flux with claudin-5 expression, similar to van Itallie et
al’s observations. Likewise, Militaz et al. showed that claudin-3 overexpression did not affect the
paracellular water permeability in a MDCK-II cell line.[24] In fact, Wen et al. demonstrated that
the paracellular permeability for methyl glucose did not change significantly with claudin-5
expression compared to vector control. In the all of the aforementioned studies, a significant
change in PNa+/PCl- and TEER was clearly noticeable while the TJ morphology remained
unaffected.
Further, experimental evidence also supports the pore-like behavior in barrier claudin TJs.
Veshnyakova et al. using claudin-1 expression in MDCK-I cells showed that E48 K and S53E
mutations could change the barrier properties of claudin-1.[49] These mutations specifically
affected the PNa+/PCl- of claudin-1 resulting in increased permeability for ions; they also comment
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that these mutations are likely to affect only the electrostatic property and not structure. We
verified this observation and found that indeed both the secondary and tertiary structures of
claudin-1 were not affected in the monomeric and cis dimeric states. Others have suggested that
claudin-1 could form dimer D type interactions; if so, these interactions would result in pore I-like
trans assembly. A pore I assembly for claudin-1 supports the results of charge reversal as both
E48K and S53E are located very close to the center of the pore, which would likely have a major
impact on charge selectivity. In another study, Piehl et al. showed that for claudin-5 expressed in
MDCK-II cells, an R145A mutation increased permeability of the probe fluorescein and decreased
TEER, but still preserved the barrier for large molecules.[50] The R145A mutation was reported
not to affect either the TJ morphology, cis interactions, or its localization at the TJ.[7, 50] We
tested the effect of R145A mutation in the pore models by replacing the bulky charged side chain
of R145 (which has a molecular volume of 0.225 nm3) with alanine of molecular volume 0.098
nm3. The mutation resulted in an increase in the diameter of both the pores (I and II) by ~0.3 nm.
In pore I, the widest point at the mouth of the pore increased from 0.79 nm to 1.11 nm, and in pore
II the widest point at the center of the pore increased from 1.05 nm to 1.37 nm. Significantly, the
hydrodynamic radius of the probe fluorescein used by Piehl et al. measured 0.8 nm, indicating it
is more likely for fluorescein to permeate through pore II after the R145A mutations.[51] In the
above experiments, the TJ architecture and contact enrichment were unaffected by the mutations,
indicating that the cis and trans interactions were not different from the wild-type.
In summary, this study provides the molecular architecture of claudin-3 and -5 cis and trans
interactions at the blood-brain barrier TJs. The insights from this study reveal the differences in
claudin-3 and -5 assembly despite their amino acid sequence similarity. In both claudins, the
flexibility or the rigidity of the TM3 domain guides the cis dimerization. Molecular docking and
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self-assembly simulations reveal that claudin-5 forms symmetric pore-like assemblies. The stateof-the-art methods used in this study are robust and were able to capture the specificity of single
residue mutations. Such methods, which are routinely used elsewhere, can push the boundaries of
biochemical investigations of membrane proteins.[52-54] Therefore, insights gained from this
work will potentially guide future experiments to unravel the complexities of the blood-brain
barrier TJs.
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4.1 Abstract
Tight junction (TJ) protein assembly controls permeability across epithelial and endothelial cells;
thus, biochemical interactions that control TJ assembly have physiological and biomedical
significance. In this work, we employed multiscale simulations to probe the TJ self-assembly of
five classic claudins (-1, -2, -4, -15, and -19). Claudin proteins assembled into dimeric and
occasionally trimeric interfaces that subsequently formed larger polymeric strands. Using
orientation angle analysis to decompose polymeric strands, we found that individual claudins
prefer certain dimer interfaces to others. Despite variations in the exact dimer populations
observed in individual claudins, there appears to be an overall conformational uniformity in the
type of dimeric interactions formed by the claudin family of proteins. A detailed structural
characterization of the trimeric assemblies revealed that they could be putative receptors for
trimeric Clostridium perfringens enterotoxin (CPE). Full characterization of the claudin-2 dimer
interface revealed a cysteine cross-linkable interaction, which could be assembled into a
symmetric pore of 7.4 Å average diameter. We extended the analysis of pore structure to other
classic claudins and found that the distribution of polar residues lining the pore volume varied
considerably between barrier and pore forming claudins, potentially delineating the functionality
in classic claudins.
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4.2 Introduction
Natural barriers such as the skin and gut are lined with epithelial cells that acts as selective
barriers for mass transfer.[1, 2] Protein assemblies at the epithelial cell called tight junctions (TJ)
act as the molecular gatekeepers of this barrier. Complex assembly of these membrane-spanning
proteins constitutes the TJs; the functional components of this assembly are the proteins of the
claudin family.[1-4] Since homeostasis and related processes are largely dependent on TJs’,
understanding TJ assembly at a molecular level is important. In the mammalian genome, at least
27 different claudin genes have been identified to date; and each claudin is associated with
tissue-specific expression and permeability characteristics. Understanding how these claudins
assemble at the TJ to regulate permeability is of vital clinical and biological relevance.[1-4]
Members of the claudin superfamily share the conserved sequence motif W-G/NLW-C-C that
results in a transmembrane (TM) helical bundle fold. Based on sequence similarity and
phylogenetic relationships, claudins are classified as either classic (-1 to -10, -14, -15, -17, -19
and -20) or non-classic (-11 to -13, -16, -18, -21 to -27).[1, 4] Claudins establish network of TJ
strands through a two-step assembly process: first, monomers self-assemble via cis interactions
within the membrane of a secreting cell; next, they interact head-on to form trans interactions
with their partners on an adjacent cell.[4] The functional TJ assembly thus results in pores that
are size and charge selective.[1, 2, 4-7] Understanding the molecular and structural basis for TJ’s
selectivity has thus far been difficult owing to experimental challenges associated with isolation
of membrane protein assemblies. Nonetheless, biochemical, in vitro, and in silico experiments
have shed light on claudin-claudin interactions in the TJ assembly.[1, 2] We have previously
demonstrated the feasibility of utilizing molecular dynamics simulations to probe cis and trans
interaction assembly of claudin-3 and -5. Our studies demonstrated that claudin-5 could self-
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assemble into dimeric interactions (Dimers A−D) in the lipid membranes (Figure 4-1 and 4-S1)
and that sequence variability at specific positions between claudin-3 and -5 can affect the dimer
interfaces formed.[8, 9] Further, we elucidated that these dimeric interactions could lead to two
putative trans interactions (Pores I & II) that present a pore forming interfaces (Figure 4-S2).
To extend our previous work, here we present investigations of the cis self-assembly of classic
claudins-1, -2, -4, -15 and -19. These five claudins were chosen because they share strong
sequence similarity and structural homology with X-ray crystallographic structures of human
claudin-4,[10] murine claudin-15,[11] and, -19,[12] while being diverse in their ion selectivity,
physiological localization, and corresponding biochemical significance (Table 1). The goal of
this work, therefore, is to identify how small differences in protein sequence in structurally
similar proteins can lead to functionally different physiological characteristics. We approach this
work by analyzing differences in self-assembly conformations, which range from simple dimers
to high-order structures such as strands or particle-like aggregates, and determining how these
assemblies differ among the classic claudins studied.
Our results show that all five claudins form A−D dimeric interfaces, consistent with our earlier
observations in claudin-3 and -5;[8, 9] however, the distribution of the A−D dimeric interface
populations differs among the five claudins. We also report here the discovery of a highly
symmetric trimeric assembly in classic claudins that could act as the receptor for Clostridium
perfringens enterotoxin (CPE). In claudin-2, we observed dimers with a cross-linkable cysteine
interface, which corroborates experimental reports by Van Itallie et al.[13] Interestingly, the
same dimer could be assembled into a pore formed by trans interactions, which was reported by
Suzuki et al.[6] Using molecular docking, we were able to assemble the pore interface that
displays an average 7.4 Å pore diameter. Remarkably, when embedded in a membrane
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environment and equilibrated in explicit solvent using molecular dynamics, the pore displays
sodium ion selectively. Consistent with the earlier predictions sodium ion selectivity is largely
mediated by the negatively charged amino acids lining the center of the pore.[7, 14, 15] We
extended these structural docking experiments to other classic claudins and characterized their
pore structures. The barrier-forming claudins most often presented a strong polar surface
dominated by glutamine residues that we hypothesize contributes to the selectivity and barrier
properties of different claudins. The results of this study present a holistic assessment of
interactions in classic claudins.

132

Table 4-1. Overview of the claudins discussed in the present work.
a

Only the major tissue expression is mentioned
Claudin

Tissue
expression a

Tight junction
type b

1

Skin

Cation barrier

2

Kidney

Cation pore

4

Colon

Cation barrier/
Cl− channel

Associated pathologies c

Experimentally predicted cis interactions

cis interactions
observed in this
study d

Possible trans
interaction
pores e

Hepatitis C virus infection.
Ichthyosis-sclerosing
cholangitis neonatal syndrome
(genetic)[1]
Na+, Cl− reabsorption and
homeostasis.
Na+ deficiency and glucose
malabsorption [1]f
Receptor for Clostridium
perfringens enterotoxin[12, 16]

Stable dimers. g
Heterotypic dimers with claudin-3,
antiparallel double row cis interactions
matching dimer A and dimer D[5]

Dimer A,B,C,D
Trimer

Pore I

Stable homodimers where C104 and C107
are within 8 to 13 Å crosslinking
distance[13]

Dimer A,C,D
Trimer

Pore I

NA

Dimer A,B,C,D
Trimer

Pore I,II

Dimer A,C,D

Pore I

Dimer A,B,C,D
Trimer

Pore I

15

Duodenum and
small intestines

Cation pore

Na+ deficiency and glucose
malabsorption f

19

Kidney

Anion barrier

Familial hypomagnesaemia
with hypercalciuria (genetic)

b

Linear strand like assembly observed in
the crystal structure lattice similar to
dimer A, anti-parallel arrangement of the
ECL1 leading to a purely ECL1-ECL1
mediated interaction matching dimer D[6,
11]
TM3-TM4 mediated dimers heterotypic
cis interactions with claudin-16[17] g

Based on existing reports
Altered claudin expression is associated with many disease pathologies including cancers; highlighted here are non-cancer diseases only
d,e
Nomenclature based on [8, 9]
f
Observed in knockout mice
g
The stability is based on solubility in non-ionic surfactant solution
c
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4.3 Methods
4.3.1 Homology Modeling.
The structures of human claudin-1, -2, -4, and -15, -19 (Figure 4-S3) were generated by
homology modeling utilizing the crystal structures of mammalian claudin-15 (PDB: 4P79),[11]
claudin-19 (PDB: 3X29)[12] and claudin-4 (PDB: 5B2G)[10] as described in our earlier work on
human claudin-5.[8] These models were verified for their structural quality using Ramachandran
plots and Z-scores. In all cases, the intrinsically disordered C-terminal domain (195 to C-term)
was excluded from the self-assembly simulations. The relative membrane orientation with
respect to hydrophobic thickness of each claudin was calculated using the Positioning of Proteins
in Membranes (PPM) web server.[18]
4.3.2 Atomistic Molecular Dynamics Simulations.
Homology-modeled monomeric structures were equilibrated in a lipid membrane environment.
Each claudin monomer was embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) lipid membrane (Figure 4-4a) surrounded by 150 mM KCl solution and explicit TIP3P
water. The systems were subjected to a series of energy minimization and equilibration steps
with the input files provided from CHARMM-GUI membrane builder.[19, 20] All atomistic
simulations were carried out using the GROMACS software suite[21] and the CHARMM36 allatom force field.[22] Verlet cut-off scheme with a 2.0 fs integration time step was used. The
temperature was maintained at 310 K coupled with the Nosé-Hoover thermostat with a coupling
constant of 1.0 ps. Protein, lipid, and solvent (including ions) were coupled separately to the
thermostat to maintain the temperature at 310 K for each component of the simulation cell. For
the isothermal-isobaric (NPT) ensemble, pressure in the system was maintained at 1 bar using
the Parrinello-Rahman barostat with a coupling constant of 12.0 ps and compressibility constant
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of 4.5×10−5 bar-1.[20] The pressure along the membrane normal (z-axis) was coupled separately
from the lateral (xy) direction in a semi-isotropic scheme. The van der Waals interaction terms
were calculated using a cut-off radius of 1.2 nm in which the forces were switched between 1.0
nm to 1.2 nm. The long-range electrostatic interactions were calculated using the particle mesh
Ewald method after a 1.2 nm cut-off. The bonds involving hydrogen atoms were constrained
using the LINear Constraint Solver (LINCS) algorithm. Atomistic molecular dynamics
simulations were carried out for 100 ns without positional restraints and three-dimensional
periodic boundary conditions. The trajectory information was saved at 100 ps time interval. The
root mean squared deviation (RMSD) of the backbone atoms and root mean squared fluctuation
(RMSF) of the individual residues were computed to check for convergence.
Simulations of claudin monomers in lipid membrane served a dual purpose of refining the initial
homology modeled structures as well providing a relaxed and equilibrated starting structure for
the self-assembly simulations. Consistent with our previous findings, the C-terminus domain was
unstructured and often contributed to large deviations in the RMSD. These residues were
predicted to be intrinsically disordered and are predominantly involved in various posttranslational modifications to anchor the monomer to cytoskeletal scaffolds.[1, 2, 4] Truncation
of these residues does not affect the cis interactions, and therefore, the C-terminal residues were
deleted in our self-assembly simulations that helped reduce the computational cost.[5, 23, 24]
4.3.3 Coarse-grained Self-assembly Simulations.
To investigate long timescale self-assembly of claudin cis interactions, coarse-grained (CG)
models of the claudin monomers were constructed based on the MARTINI v2.2 force field
(Figure 4-4a) using the martinize script.[25, 26] Equilibrated structures of the individual
monomers were taken from the atomistic simulations as the starting structures to build the CG
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models. To maintain the overall tertiary structure of the protein, a set of harmonic bonds
represented by ELNEDYN elastic networks was used with a 0.9 nm cut-off distance and 500 kJ
mol−1nm−2 force constant. For the self-assembly simulations 64 monomers were arranged in an 8
× 8 grid with a 6.0 nm center-of-mass (COM) distance between the monomers in the xy plane
(Figure 4-4b). The grid was then embedded in a CG 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipid membrane, along with MARTINI water and the appropriate number of counter
ions for the 150 mM NaCl concentration. [26-29]Use of simple DOPC membrane ensured that
any cis interactions observed during the self-assembly were not affected by variability in the
membrane composition. In addition, the hydrophobic thickness of the DOPC membrane matches
well with the thickness of a typical claudin monomer. All lipid models and parameters used in
this study follow the MARTINI v2.0 lipids.[29] The system was energy minimized and subjected
to a set of serial equilibration runs where the protein backbone positions were restrained. This
was followed by 100 ns of equilibration where the backbone bead of one of the transmembrane
helix-3 (TM3) residues was restrained to ensure that the orientation of the claudins with respect
to one another was randomized at the start of the self-assembly simulations. A Verlet cut-off
scheme with a buffer-tolerance of 0.005 kJ mol−1ns−1 was used. A cut-off of 1.1 nm was used for
calculating both the electrostatic and van der Waals interaction terms; both interactions were
smoothly shifted beyond the cut-off using the potential-shift-Verlet algorithm. Coulomb
interactions were calculated using the reaction-field algorithm implemented in GROMACS.
Velocity rescale thermostat with a coupling constant of 1.0 ps was used to maintain the
temperature at 310 K. Parrinello-Rahman barostat with the semi-isotropic scheme was used to
maintain 1 bar pressure with 12.0 ps coupling constant. The CG simulations were performed
using a 20 fs time step to accommodate ELNEDYN elastic network, and the trajectory snapshot
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was saved at 0.5 ns interval. The simulation times reported here are actual simulation times and
are not corrected for the speed-up that is attributed to the smooth potentials of the MARTINI
force field (pegged at four times).[30] Simulations were run in triplicate with different initial
configurations and random orientations of the monomer to minimize experimental/orientation
bias.
4.3.4 Orientation Analysis.
Snapshots from the self-assembly simulation runs were isolated and reverse mapped from CG to
all-atom representation to analyze the cis interactions. An in-house python script was used to
analyze and calculate the orientation angles between interactions that were identified as dimers.
Given that there are multiple claudin-claudin interfaces, we implemented a screening criterion—
An interaction was classified as a dimer if there were at least ten residue-residue pair contacts,
contiguous or non-contiguous, between the monomers and the pairwise distances between the
residue-residue backbone beads was <1 nm (Cα–equivalent in ELNEDYN model). This cut-off
would ensure two monomers are within the interaction cut-off of 1.1 nm. A set of dihedral like
angles θ = {x | 0 ≤ x ≤ 2π} and θꞌ = {x | 0 ≤ x ≤ 2π} was calculated (Figure 4-1) between the pair
of monomers that form the dimeric interface. The dihedral angles are defined as follows: (1) θ is
the angle between the vector connecting the COM of two monomers and the vector COM-TM1
of the first monomer in the anti-clockwise direction; (2) θʹ is the angle between the vector
connecting the COM of two monomers and the vector COM-TM1 of the second monomer in
anticlockwise direction. The angles represent the orientation of the monomer with respect to each
other. The distribution of these two angles was plotted as a probability density function (PDF),
which was calculated using in-house Python scripts and the kernel density estimation method
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with Gaussian filters and Silverman bandwidth.[31] Probability of a particular region in the angle
space was calculated by integrating the area under the curve.
4.3.5 Molecular Docking.
The self-assembled claudin dimers were isolated from the simulation trajectories, reverse
mapped and used as the starting configurations for docking and refinement. All docking runs
were performed using the ClusPro 2.0 server.[32, 33] The trimeric CPE structure, downloaded
from the PDB (4P5H, chains A, B, C), was used for the claudin-CPE interaction.[34] The
resulting pool of hundreds of docked structures was screened for alignment, followed by multiple
structural alignment runs using the TopMatch-web server to compare the crystal structure with
the docked structure.[35] The electrostatic potential energy surface (EPS) was calculated using
the CHARMM force field parameters by employing the Poisson-Boltzmann equation solver
available on CHARMM-GUI webserver.[19, 36] Molecular visualization and images reported in
this manuscript were rendered using VMD,[37] PyMol,[38] and, YASARA[39] molecular
visualization software suites. The pore profiles were calculated using the CAVER[40] software
plugin for PyMol and the trajectory analysis for solvent and ions crossing the pore was
performed using AQUA-DUCT[41] python package.
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Figure 4-1. Orientation angle definitions used to classify claudin dimeric interfaces as A, B, C
and D conformations.
The TMs are colored from N-term (blue) to C-term (red). The arrow and stick demonstrate the
direction of TM-1 in each of the dimers.
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Figure 4-2. Self-assembly of claudin-2 (yellow surface representation) in DOPC membrane
(cyan beads).
Panels represent 3.0 μs snapshots from three individual simulations.
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4.4 Results and Discussion
4.4.1 Claudin cis self-assembly.
The cis interaction assembly in claudins is driven by the hydrophobic mismatch between the
membrane lipids. The claudin monomers were observed to diffuse in the membrane and interact
with one another to form dimers that subsequently self-assembled into strands within 2-3 μs of
the simulation (Figure 4-2−4 and S5, and Movie S1). Longer simulation times (up to 10 μs) did
not result in observable changes in the strand, which often involved all 64 monomers connected
across the periodic boundaries. Based on these observations, the triplicate simulations were
performed for 3.0 μs to limit the computational cost.
Variations were clearly observed in the strand morphologies of different claudins (Figure 4-3a–
d). Strands typically comprised either contiguous dimer interfaces or higher-order complexes
(Figure 4-4a–d and S6). Occasionally trimers with a C3 symmetry were observed in claudin-1, 2, -4 and -19 (Figure 4-4b). These trimers were mediated through the ECL1 4th β strand, similar
to the dimer D interface. Larger ring-like assemblies of claudin tetramers, pentamers (Figure 44d), and hexamers (Figure 4-4e) were observed in all five claudins (Figure 4-S6). Although there
is evidence of higher-order assembly in claudins that are consistent with particle-like
morphologies,[42, 43] it is difficult to assess whether these ring-like assemblies correlate with
the particle morphologies observed in experimental freeze-fracture TEM images. Since the
assemblies are ~10 nm in width, they may be the precursors of the actual TJ particle.[43, 44]
4.4.2 Distribution of Dimeric Interfaces.
Four dimeric interfaces, labeled A–D (Figure 4-1 and S1), were observed in the self-assembled
claudin strands. The notion that cis interactions result in stable dimers is corroborated by several
experimental reports.[13, 17, 23, 45] Often these dimers are resistant to solubilization upon
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treatment with nonionic surfactants, suggesting a strong membrane dependent protein assembly.
Further, biochemical evidence indicates that the cis dimers can be either TM- or ECL-mediated.
It is unclear whether all classic claudins form similar dimeric interfaces. From the outset, it
would be reasonable to assume that claudins form similar interactions due to the high degree
structural and sequence similarity among the classic claudins. However, small variations in
sequence and structure often results deviations in the populations of the observed dimeric
interfaces and thereby influencing claudin functionality.
Further evidence of these preferred dimeric conformations in the claudin family comes from the
structural report of cis strands of IP39 protein, which is an evolutionarily remnant member of the
claudin family found in Euglena gracilis.[46] The IP39 protein self-assembles into strands in a
DOPC membrane, and displays a strand morphology with repeating asymmetric units.
Interestingly one can decompose these asymmetric units into four structurally different dimer
interfaces, which remarkably, directly compare to the A–D interfaces observed in classic
claudins. This presence of correlation in the dimeric interfaces formed by the classic claudins
and IP39 suggests the existence of a conformational signature within the claudin family. Taken
together, we hypothesize that claudin family forms four preferred dimeric conformations,
however, the relative populations of these conformations is highly dependent on the residuelevel variations and structure of the individual claudins.
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Figure 4-3. Claudin-1, -4, -15, and -19 cis interactions.
Panels (a–d) show snapshot of claudin-1 (white), -4 (magenta), -15 (pink) and -19 (green) systems (top) and their corresponding
orientation angle probability distribution function (below). The membrane (cyan) is shown in bead representation. The probability
distribution function plots show the regions of specific dimeric interfaces, labeled A through D, the bound boxes represents the limits
on angle space for a specific dimer. The symmetry axis is shown in the background.
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Figure 4-4. Higher-order claudin-2 assemblies.
The zoomed-in view of claudin-2 (a) dimers, (b) trimers, (c) pentamer, and (d) hexamer, (in yellow backbone representation) along
with the conserved CYS 64 residue (red beads) embedded in lipid membrane (cyan beads). Panel (e) shows the 10 μs snapshot of the
claudin-2 strands and higher-order ring assembly, and (f) shows the probability density function of the orientation angles in claudin-2.
The labels on the PDF plots show the regions of dimers (A–D).
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To quantify the observed distribution of dimeric interfaces in the simulations, we performed
orientation analysis as described in Section 2.4. The angles θ and θꞌ are calculated and plotted as
probability density functions; if a dimer interface is symmetric, then θ ≈ θꞌ. In general poreforming claudins (-2 and -15) formed higher numbers of dimer-like interfaces compared to the
barrier-forming claudins (-1, -4 and -19). Differences in the cis assembly are evident from the
angle distribution plots (Figure 4-3 and 4f). Claudin-1, -4, and -19 showed significant
populations of dimeric interfaces A–D; the B interface was rarely observed. In all claudins, the
dimer A interface was predominant due to its asymmetric nature and high variability.
In claudin-1, interface B did not show a clear symmetry but the obtained protein conformations
were closest to B. In claudin-4, a small but significant population of interface B was observed.
Note that the B interface correlates with the predominant dimer in claudin-5 as reported in our
earlier studies.[8, 9, 23] Among the symmetric dimers, C and D interfaces were consistently
observed in all claudins.
In claudin-2, interface C was predominant followed by interface D, and in claudin-15 the D
interface was predominant followed by A. One challenge with this assignment was that not all
dimers could be classified into interfaces A–D, because several dimeric interactions were not
fully converged at the time of analysis, (i.e. their angles did not match the angles identified in
dimers A–D). Furthermore, the interfaces in higher-order multimeric assemblies could not be
decomposed into the A–D categories were left unclassified.
We also ensured that diffusion lag did not contribute to the observed differences in interface
formation between pore-forming claudins and barrier-forming claudins-1, -4, and -19. The lateral
diffusion constants of all five claudins were calculated using the tools in GROMACS. Typically,
diffusion rates of membrane proteins are dependent on the radius of the protein from its center
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and its molecular weight. Since all five claudins studied have almost the same molecular weight
and similar structures, we expected no major differences in their diffusion rates. Our results were
consistent with this expectation: all five claudins had diffusion constants in the range of 40.2 ±
0.13 × 10-7 cm2 s-1 (not corrected for MARTINI speed up). We ruled out diffusion effects as a
cause of the observed interface variability.
4.4.3 Trimers.
A structural feature that emerged repeatedly in these simulations is a trimeric cis interface
mediated by the fourth β strand (Figure 4-4b and 5a-c), which displays a C3 rotational symmetry.
To date, biochemical evidence suggesting that claudins forming trimeric interactions has been
sparse and inconclusive.[47, 48] Although it is likely that the TJ strands are composed of higherorder interactions, there is no clear consensus on the stoichiometric composition of claudins at
the TJ. Nevertheless, the repeated and consistent observation of a symmetric conformation
prompted our work to conduct a thorough structural characterization. As discussed earlier, the
only structural assembly available from a member of the claudin family is for IP39 and in its
assembly, strands were observed to be in linear trimeric assemblies.[46] However, IP39 trimers
were asymmetric in contrast to the symmetric trimers observed in our simulations, where
residues contributing to trimeric interactions were similar to the dimer D conformation, although
having fewer residue-residue contacts than dimer D. The trajectory of this simulation showed
that initially the claudin monomers did interact via a dimer D interface, and a third monomer
from an adjoining dimer was recruited to form the trimer (Movie S1 and Figure 4-S7). Since the
trimer is almost devoid of any TM-TM contact, the membrane lipids occupy the space between
these interacting claudins. This suggests that the trimer interface may not be resistant to
detergent solubilization. Further, the bound lipids would affect the electrophoretic mobility of
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this complex rendering it quite inaccessible to most biochemical experiments. Again, since the
simulations were not biased to sample one specific interface over another, we hypothesize that
these interfaces are the thermodynamically favorable cis interactions for claudins in membrane.
4.4.4 CPE-Claudin Interactions.
We sought to put the observed trimeric interactions into context of TJs and to elucidate the
scientific significance of this finding. Our literature search for evidence of claudin trimers and its
interactions with other proteins identified the Clostridium perfringens enterotoxin (CPE).[49-53]
Claudins are known receptors for CPE binding during pathogenesis, although, the mechanistic
details of the process are still actively researched. An evidence of claudin-CPE binding in comes
from the X-ray crystallographic structure that shows head on interaction between trimeric CPE
and ECL domain of the claudin-2 trimer (Figure 4-5d–f), and exhibits C3 rotational
symmetry.[34] These reports prompted the question: could the trimers observed in our
simulations serve as a receptor for the CPE trimers?
A brief introduction and rationale for Claudin-CPE trimeric interactions: CPE is a major
virulence factor in the type A strains of C. perfringens and is the second leading cause of foodborne illnesses in developed countries. CPE is a beta-barrel pore-forming toxin that has been
shown to interact with many claudin subtypes. CPE-claudin interactions are investigated
extensively, due to their promising translational applications in cancer targeting,[49] TJ
modulation and blood-brain barrier modulation.[54, 55] Claudin-3 and -4 have been identified to
have the strongest interactions with CPE as receptors in the gut.[12, 49-53, 56]
Recent structural studies of claudins-CPE have provided detailed information on the receptortoxin interactions. Full length CPE is observed to form a C3 trimeric complex in almost all the
crystal structures (PDB: 2YHJ, 3AM2, 4P5H) available till date. It has been suggested that the
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toxin is secreted as a trimer during sporulation of C. perfringens. Furthermore, in the trimer
complex the hydrophobic pore-forming domain is in the helical state and is buried, preventing
exposure to solvent. In the specific case of 4P5H, CPE was co-crystallized with a modified
claudin-2 ECL2 fragments (Figure 4-5d-f) that revealed the ECL2 binding pockets in the CPE.
More recently, Saitoh et al and Shinoda et al crystalized the c-terminal fragment of the CPE
(cCPE) in complex with mouse claudin-19 (PDB: 3X29)[12] and human claudin-4 (PDB:
5B2G)[10] respectively. The complexes in these structures showed cCPE strongly interacting
with both the ECL1 and ECL2. More interestingly, the interactions were between a monomermonomer forming hetero-dimer. The full-length trimeric structures from 4P5H[34] and the
hetero-dimer structures from 3X29 or 5B2G are both consistent with prevailing biochemical data
on CPE-claudin interactions. Nevertheless, it is hard to reconcile how a trimeric toxin complex
interacts with monomeric claudins. The seemingly conflicting data on claudin interactions with
the full-length CPE versus cCPE suggest that there are still gaps in our understanding. In fact,
some evidence suggests that the claudin-CPE interaction may be multimeric; biochemical
experiments pioneered by McClane and co-workers, investigating the stoichiometric composition
of the claudin-CPE interaction discovered that pathogenesis undergoes a three-step
mechanism.[16, 49, 50, 52, 56, 57] The CPE, upon interaction with claudin, forms a small
complex having ~90 kDa mobility on native PAGE. This small complex was comprised of two
different claudins along with an unknown composition of CPE; they suggested that the small
complex could comprise at the very least dimers of claudins. They further demonstrated that the
small complex assembled into a hexameric pore complex (CH-1) migrating at ~155 kDa and
finally a CH-2 complex that migrated at ~200 kDa in native PAGE. They also discovered that
the mobility on the native PAGE of complexes CH-1 or CH-2 was 2–3 times lower than the

148

actual molecular weights of these complexes (i.e. the actual molecular weights of the CH-1 and
CH-2 complexes were ~425-500 kDa and ~550-660 kDa, respectively).[50] Extrapolating to the
small complex would suggest that the actual molecular weight of the small complex would be in
the range of ~180-270 kDa. A hetero-dimeric interaction as observed in 3X29 or 5B2G would
suggest the small complex would be in the molecular weight range ~60 kDa (CPE 35 kDa,
claudin monomer 27 kDa); neither in agreement with the observed molecular weight or the
extrapolated molecular weight range (Figure 4-S8). However, if we allow for an interaction
model where the trimeric CPE interacts with the trimeric claudin cis interactions, one would
comfortably arrive at the molecular weight range of ~180 kDa (27×3 + 35×3 ≈ 186 kDa +
unknown number of bound lipids). Therefore, a strong argument can be proposed for a trimeric
interaction between CPE trimer with cis interacting claudin receptors.
To investigate whether the trimers observed in the simulations are compatible as receptors for
trimeric CPE, we performed structural alignments of self-assembled trimer with 4P5H. The first
indication that the interaction model is indeed feasible was that the locations of binding pockets
in 4P5H had a one-to-one structural alignment with the trimers observed in the simulation
(Figure 4-S9). In fact, the ECL2 loops of self-assembled trimers were within ~2 Å RMSD from
the ECL2 fragments found in 4P5H. We then performed molecular docking experiments to arrive
at the CPE-Claudin trimer-trimer interactions resulting in hetero-hexameric complex (Figure 45g–i). This complex still preserves the C3 symmetry, and residues 147–156 of claudin-ECL2
interact with residues 253–259, 306, 310–315 of the CPE (Figure 4-5i). We calculated the
electrostatic potential energy surface (EPS) of the trimeric complex. The EPS clearly displayed
an electronegative surface in the CPE binding pocket (Figure 4-5k) that complemented the
electropositive surface on the ECL2 of claudins (Figure 4-5l). Reconciling these structural results
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with the stoichiometric data strongly supports the feasibility of trimeric claudin cis interaction
serving as receptors for full-length trimeric CPE. The existence of a trimeric complex was indeed
reported for claudin-4 by Mitic et al. using PFO PAGE,[47] but it was unclear whether the trimer
was from cis or trans interactions. Nonetheless, the argument for trimeric CPE-claudin
interactions seems plausible with the existing biochemical data. Future experiments can be
designed to target and verify this, specifically cross-linking experiments utilizing trifunctional
crosslinkers such as TSAT [tris-(succinimidyl) aminotriacetate] with short spacer arm can be
used to isolate covalently linked trimers. The TSAT cross-linker targets primary amines of lysine
residues, and it will be a suitable candidate for cross-linking the 4th β strand lysine residue that
come in close contact to form the trimer in most classic claudins.
We propose a putative mechanism for the molecular pathogenesis of CPE based on the structural
alignments between 4P5H, 3X29, 5B2G and the trimeric receptor complex: First, receptor
claudins are secreted at the apical membrane as cis interacting trimers. Second, trimeric CPE
binds with the receptor claudins via the ECL2 interaction at the cell surface as seen in Figure 45g, forming the ~90 kDa small complex. Third, the receptor binding initiates large
conformational changes in the CPE leading to disassembly of the trimeric interactions and
consequently membrane association of the pore-forming domain, this would result in a structure
consistent with the C-terminal fragment bound models in 3X29 and 5B2G. Fourth, the assembly
of the CH-1 complex proceeds driven by membranes and the CPE forms the hexameric pore
complex. This CH-1 complex leads to Ca2+ efflux and consequently TJ disassembly. Finally, the
CH-1 along with claudins and occludins form the CH-2 complex that leads to cell death.
Although further experimental investigations needed to verify this mechanism, such studies are
beyond the scope of the cis interaction that are the focus of this study.
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Figure 4-5. Claudin and CPE trimer.
(a) Side-view of the reverse-mapped structure of self-assembled claudin trimer (individual chains
are colored in green, cyan and magenta). Top-view of the trimer (b) in ribbon representation with
C3 symmetry axis (red dot) along with the disulfide bridge between the conserved cysteines
(spheres) and (c) in surface representation. Top-view of (d) the crystal structure of trimeric CPE
enterotoxin bound with claudin-2 ECL2 peptides (obtained from the PDB: 4P5H) and (e) the
4P5H showing the C3 symmetry axis (red dot), shown in cartoon representation (individual
chains are colored differently in white, pink and yellow). (f) Top-view of the binding pockets of
claudin-2 ECL2 fragments in PDB: 4P5H (green, cyan and magenta) on the surface of CPE
(white, pink and yellow). Side-view of the docked CPE (white, pink and yellow) with claudin
trimer (green, cyan and magenta) in (g) cartoon and (h) surface representations. (i) Zoomed-in
view of the binding site showing claudin ECL2 of chain A (green) interacting with the C-term of
the CPE chain D (white), the corresponding molecular surface is shown in white color. (j) Topview of the CPE-claudin trimeric complex with the C3 symmetry axis (red dot). Panels (k) and
(l) show the complementary electrostatic potential energy surface of CPE and claudin trimers,
respectively. The green circles mark the binding pockets. The EPS is colored as gradients of red
to blue indicating potential from -4 to +4 kcal mol-1 e-1
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4.4.5 Claudin-2 trans Interactions.
Claudin-2 is a pore-forming claudin that is highly expressed in the kidneys. It is vital for cation
reabsorption at the proximal tubules and consequently homeostasis. The cationic pores formed
by claudin-2 have been well characterized using various biochemical and biophysical techniques
by Yu et al.[7, 15, 58] However, information is limited on what type of cis interactions claudin-2
forms and/or which cis interactions contribute to pore assembly. Anderson and colleagues, using
cysteine scanning mutations and blue native PAGE, showed claudin-2 forms detergent resistant
stable homodimers, where the cysteine at position 104 and 108 are within the proximity of 8–13
Å.[13] Based on these observations, they proposed a dimer model where the TM-2 domain could
putatively mediate the dimeric interactions. Contrary to these predictions, in our simulations
none of the observed dimers for claudin-2 were TM-2 mediated. Furthermore, the only interface
mediated by TM-2 domain is the dimer B interface, for which claudin-2 cis interactions were
almost devoid. Therefore, we set out to analyze each of the dimer conformations of claudin-2 for
the intracellular loop (ICL) cysteine cross-linkable interfaces. We found that the dimer D
conformation (Figure 4-6) had both the ICL cysteine at the position 104 and 108 aligned within
< 10 Å distance (Figure 4-6b). Hence, the dimers observed in the crosslinking experiments could
conceivably be D interface dimers. Others and we have previously shown that the dimer D
interface can be assembled into a pore forming trans interaction.[6, 9] Consistent with this, the
dimer D interface presents a strong electronegative surface proximal to the predicted pore-lining
residues on ECL1 (Figure 4-6d). This would indicate that the pore assembly resulting from dimer
D could be cation selective. We performed molecular docking with the dimer D to investigate
trans interactions in claudin-2. The docking solutions were subject to symmetric refinement in
order to rule out molecular clashes. The resulting pore structure resembled pore I (Figure 4-7a,
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8a, and S2) and the pore was wider at the ends and narrower in the center. Surprisingly Q63 was
the innermost residue at the pore center, with D65 adjacent to Q63 (Figure 4-7a). The pore has
an average diameter of 7.4±1.1 Å (Figure 4-7b); Y35, which is weakly polar and aromatic,
created the most constricted region of the pore. Both the pore diameter and the pore lining
residues are in comprehensive agreement with predictions from cysteine scanning mutation
studies previously reported by Li et al. We next carried out all-atom equilibrium MD simulations
of the pore for 300 ns of using the CHARMM36 force filed in explicit membrane, solvent
(TIP3P) and ions. Multiple water molecules were observed to freely permeate through the pore
(Figure 4-7c and 8b) whereas Na+ ions were seen to line up along the pore conduit (Figure 4-7c).
To map the ions translocating through the pore we used the python tool AQUA-DUCT. We
observed thirteen Na+ ions permeating through the pore during the course of the simulation
(Figure 4-S10); in contrast, only one Cl− ions was observed to translocate through the pore. In
some up to three Na+ ions were observed to line up along the pore (Figure 4-7c). Trajectories of
different sodium ions permeating through the pore can be found in the supporting information
(Figure 4-S10). A normalized density map of the simulation trajectory clearly shows the pore
remains selective for Na+ ions while is restrictive to Cl− (Figure 4-8c and 8d). Given the pore
radius and the sodium ion selectivity, we propose that the modeled structure is a close
approximation of claudin-2 pores at the TJ. Future studies aimed at elucidating pore conductance
and selectivity would benefit from utilizing this structure.
4.4.6 Pores in Classic Claudins.
Given that the D interface is observed in all the claudins studied here, we isolated D interface
dimers from the self-assembly simulations for each claudin and subjected them to docking and
refinement. This was followed by a series of short equilibration and characterization studies. We
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repeated the same exercise for claudin-3 from our earlier studies to compare the pore interfaces.
All claudins reported in this study had a diameter of < ~11 Å, indicating that the pores are
unlikely to be permissive of large molecules (Table 2). In claudin-1, -3, and -4, the narrowest
region along the pore lies in the middle of the pore with a consistent ~5.0 Å diameter. More
interestingly, all three of these claudins have been shown experimentally to be barrier forming
(i.e. increases resistance across the TJ). The conserved glutamine residues in these three claudins
(-1, -3, and -4) lie in the narrowest region of the pore (Figure 4-9). The same signature can be
observed in claudin-19. These glutamine residues form a close hydrogen-bonded network both in
cis and trans interactions; as they interact at the pore, it is important to note that the same
residues are conserved in many barrier forming claudins (Figure 4-S11). As with the claudin-2
structure, the lysine residue K64 is adjacent to the glutamine residues and not at the center of the
pore. In the case of claudin-2, Q63 forms the inner most residue, but in claudin-15, which is also
pore forming, the inner most residues are N61 and W63 (Figure 4-S11 and S12).
In the barrier-forming claudins a strong polar surface combined with the confinement of ~6 Å
could potentially serve as the gating mechanism for ion mobility (or the lack there of). As
reported in the literature, solvent molecules under polar confinement exhibit selectivity, so future
experiments and simulations can target this phenomenon to understand the mechanistic nature of
pore selectivity. Another interesting experiment would be to replace glutamine residue (Q63)
with asparagine, which has the same polarity but lacks the γ-carbon atom. This glutamine to
asparagine mutation is expected to lead to similar cis self-assembly, but a wider trans pore,
potentially influencing both the ion and size selectivity in the barrier forming claudins. In a
recent publication, Piontek et al.’s showed that these polar residues are essential for trans
interactions and strand formations in barrier claudins.[59] This observation in conjunction with
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the pore structures warrants a thorough investigation of these polar residues and their role in TJ
permeability. The fact that both pore- forming and barrier-forming claudins could be assembled
into pore-I trans interactions is remarkable. We hypothesize that most claudins form such pores
with specific molecular selectivity. The molecular selectivity, rather than the pore-like structure,
is the determinant of a particular claudin enabling (pore) or inhibiting (barrier) solute transport.
Future work would evaluate this hypothesis, which emerges from the current work.
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Figure 4-6. Claudin-2 dimeric interface D conformation.
(a) Self-assembled claudin-2 strand (yellow backbone) in DOPC membrane (cyan beads) and
conserved CYS 64 residues as beads (red). The dashed circled region shows the D interface. (b)
Zoomed-in view of the CYS 104 and CYS 108 distances. (c) Top view of dimer D are showing
(individual chains colored in green and cyan) H-Bond interaction of the fourth β-strand, and (d)
the electrostatic potential energy surface of the D interface mapped from -2 to +2 kcal mol -1 e-1.

157

Figure 4-7. Claudin-2 pore I characterization.
(a) Zoomed-in view of the pore lining residues shown in sticks representation, the excluded
molecular volume of the pore is shown in purple and the protein is shown as transparent surface,
(b) profile showing the pore diameter as a function of distance along the pore, and (c) simulation
snapshot showing water and three sodium atoms lining up along the pore axis, the sodium atoms
shown as purple spheres, water and pore lining residues are shown as sticks and the protein is
represented as transparent surface.
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Figure 4-8. Claudin-2 pore I density profiles.
(a) Simulation setup used for the analysis of claudin-2 pores, the protein is shown in cartoon representation colored with respect to
secondary structure elements, the lipids are shown as white spheres. Normalized number density of (b) water molecules, (c) sodium
ions, and (d) chloride ions are shown in blue with the protein backbone highlighted in gray.
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Figure 4-9. Pore I characterizations in Cld-1, Cld-3, Cld-4, and Cld-19 classic claudins.
Side view of four barrier forming claudin pores showing pore-lining glutamine (green), arginine (yellow) and lysine (magenta)
residues in stick representation, the protein structure is shown in cartoon.
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Table 4-2. Pore I characterization in classic claudins
Claudin

Diameter (Å)

Narrowest (Å)

Widest (Å)

1

7.4 ± 1.0

5.3

9.1

2

7.4 ± 1.1

5.4

10.4

3

7.2 ± 1.6

5.0

11.4

4

6.7 ± 1.2

4.8

9.1

15

8.8 ± 1.1

7.0

11.5

19

8.5 ± 1.3

7.1

10.4
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4.5 Conclusions
Understanding interactions in claudins is the first step towards unraveling tight-junction
assembly and ultimately tight-junction selectivity. Using multiscale dynamics simulations, we
have presented fundamental molecular-level insights into how classic claudins interact and selfassemble in simple phospholipid bilayers that are comparable to the membranes of endoplasmic
reticulum, assisted by hydrophobic mismatch of membrane local milieu. These cis interactions
result in symmetric dimers and trimers, and asymmetric dimers and higher-order ring- and
particle-like assemblies. The recurrent observation of same dimeric interfaces in all classic
claudins suggests a putative interaction signature for cis interactions within the claudin family.
We demonstrate the biochemical significance of both dimers and the trimers by identifying the
potential pore forming dimer in claudin-2 and showing that trimers are putative receptors for the
trimeric CPE enterotoxin. These biophysical and biochemical findings are of broader
significance to the tight junction research and will guide future experiments probing the tight
junction assembly.
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The supporting document includes- schematic representation of A-D dimer conformations; Pore
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molecular weight estimates reported in the literature for the CPE-Claudin; structure alignment
between 4P5H and the docked structure of CPE-claudin trimeric receptor complex;
representative trajectories of sodium ions permeating through the claudin-2 pore; Pore
characterization in classic claudins (claudin-1, -3, -4, -15, and -19); Pore lining residues of
claudin-2 and claudin-15.
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Figure 4-S1. Dimer conformations.
Schematic representation of dimers A, B, C and D with relative orientations of their TM domains
(colored circles) along with the three-dimensional structure of the dimers in ribbon
representation (side and top views).
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Figure 4-S2. Pore forming trans interactions.
Cartoon representation of the two possible pores that can be conceived from the cis dimers in
ribbon representation.
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Figure 4-S3. Classic claudins.
(a) Topology of the claudin family generated by potter, the highlighted residues show the
conserved residues among the seven classic claudins that are discussed in the current study. (b)
Homology models of human classic claudins colored from N-term (blue) to C-term (red). The
long unstructured C-term domain is not shown here for clarity.
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Figure 4-S4. System setup.
(a) All atom representation of a claudin monomer embedded in the lipid membrane (left) and the
corresponding representation in the coarse-grained model (right). Panel (b) is a cut away image
of the 3D box of the system showing 8×8 grid arrangement of claudin monomers embedded in
the lipid membrane (side view).
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Figure 4-S5. Self-assembly cis interaction in claudin-2 (yellow surface representation) in DOPC
membrane (cyan beads). Panels (a)-(c) represent three individual runs.
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Figure 4-S6. Higher order assemblies in claudin-1,-4,-15 and -19.
Zoomed-in view of the ring like higher order assemblies of claudin-1 (white), -4 (magenta), -15
(pink) and -19 (green). The claudins are shown in surface representation and the DOPC
membrane is shown as cyan bead
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Figure 4-S7. Reverse mapped structure of claudin trimers.
(a) Shows a larger version of the Figure 4-5c shown in the main text showing claudin trimers. (b)
The corresponding reverse mapped atomistic structure of the trimers shown in cartoon
representation, individual chains are colored differently.
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Figure 4-S8. Different molecular weight estimates reported in the literature for the CPE-Claudin
interactions complexes.
Molecular weight of the small complex was extrapolated in accordance with Robertson et al
estimates for the CH1, CH2.
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Figure 4-S9. Multiple structure alignment between 4P5H and the docked structure of CPEclaudin trimeric receptor complex, calculated in TopMatch-web server.
The CPE is shown in red color, the ECL-2 fragment found in 4P5H is shown in violet and the
claudin trimer is shown in green.
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Figure 4-S10. Sodium pathways.
Nine representative trajectory of sodium ions permeating through the claudin-2 pore. Claudin-2 is shown in transparent cartoon
representation. Pore lining residues are shown as stick, individual sodium ions are colored differently as spheres to distinguish
between different residues.
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Figure 4-S11. Pore characterization in classic claudins.
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Figure 4-S12. Side view of (a) claudin-2 and (b) claudin-15 pore structures showing pore lining
residues.
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CHAPTER 5

ION SELECTIVITY OF CLAUDIN-2 AND CLAUDIN-5 PORES IN TIGHT
JUNCTIONS

Manuscript in preparation for publication.
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5.1 Abstract
Tight junctions are physiological gatekeepers of the paracellular transport in epithelial and
endothelial tissues. These channels, constituted by proteins of the claudin family, unlike
transcellular channels and pores, our understanding of the mechanisms governing paracellular
transport is limited. In this study, we reveal the influence of charged residues and channel
geometry on the transport of ions across the tight junction channels. Free-energy calculations
utilizing replica exchange metadynamics accurately captured variations in charge selectivity
between claudin-2, claudin-5 and their respective mutants. The dominant mechanism of the ion
selectivity can be inferred as the electrostatic interaction in conjunctions with steric forces of
pore-lining residues. In claudin-2 we demonstrate how mutations to the key aspartic acid residue
inverts the selectivity. In claudin-5, the two possible channel variants exhibit orthogonal
selectivity although neither demonstrates a clear preference for anion or cation indicating that
despite forming a pore, the channels of claudin-5 are indeed barriers for ion permeation.
Mutations to claudin-5 that widen the pore steric radius did not significantly impact the pore
selectivity, indicating that the electrostatics dominate the pore selectivity. The mechanistic
understanding from this study will reshape the interpretation of tight junction physiology.
5.2 Significance
Physiologically important tight junction channels are conventionally classified as barriers and
pores –claudin-2 is a cation pore and claudin-5 a cation barrier– based on cell-level in vitro
electrophysiology measurements. Reconciling this macroscopic view of tight junctions with the
molecular level observations has thus far been difficult, specifically structural models of claudins
are predicted and shown to form channel assemblies that is confounding to be interpreted as
barriers. We have demonstrated here that despite having channel like assemblies claudin-5
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strongly elicits its barrier properties by presenting a charge dependent free-energy barrier rather
than a physical steric barrier. The findings significantly alter how we perceive and interpret ion
selectivity of tight junctions.
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5.3 Introduction
Tight junctions (TJs) are physiological gatekeepers of the paracellular transport.[1, 2] The
permeability of the tight junctions varies in a tissue-dependent manner from highly restrictive
transport at the blood-brain barrier (BBB) and blood-testis barrier (BTB), to charge-selective
reabsorption of ions in renal filtration, and size-selective transport in nutrient assimilation in the
small intestine. Broadly, tight junctions maintain homeostasis of the different physiological
compartments in the body by regulating the permeability of ions and small molecules through the
paracellular spaces between adjacent epithelial or endothelial cells.[3] The functional units of
tight junctions are the claudin family of proteins that interact with a cell (cis) and head-on across
adjacent cells (trans) to form the tight junction architecture. Depending on the claudins (of which
there are 27 known variants in mammals) that are expressed in the cell, the physio-chemical
nature of paracellular channel dictates if the channel permeability change specific solute and a
barrier to another. Ion transport at the tight junctions is crucial for survival, and disruption in
tight junction architecture by various pathophysiological events such as trauma and infection can
lead to death.[1-3]
Ion transport at the tight junction is characterized in vitro using electrophysiology measurements
of tissue monolayers, often reported as trans epi/endothelial electrical resistance (TEER). The
expression of a specific claudin variant can lead to altered permeability characteristics that can
be inferred from the TEER measurements.[1, 4, 5] Typically, if TEER is seen to drop in response
to a claudin expression it is designated as pore-forming claudin, and similarly a significant
increase in TEER indicates a barrier-forming claudin. For instance, high claudin-2 expression in
the epithelial cells of the nephron, selectively permeates cations while blocking the anions.
Similarly, claudin-5 expressed at blood-brain barrier has a high barrier for cations but does not
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specifically permeate anions either. In epithelial monolayer of cells, claudin-2 expression leads
to a marked decrease in TEER and inverse effect is true upon claudin-5 expression. These TEER
measurements are macroscopic readouts of how individual claudins control ion permeability.
Individual claudins are ~25 kDa in size and the channels formed by them are few Å in radius,
whereas a typical TEER measurement is done at cm scales. The observed resistance across
monolayers is a collective effect of billions of ion permeation events (or lack thereof) that occur
under microsecond time scales.[4, 6] Both spatial and temporal regimes that are relevant for
individual pore dynamics are inaccessible with TEER measurements. Alternatively, channel
associated events such as gating, and permeations are usually probed via point mutations to
various residues in claudin domains. These biochemical experiments have been very
instrumental in mapping the channel-lining residues and identifying residues that impact the
charge and size selectivity. While biochemical data can achieve residue level precision, drawing
mechanistic insights into tight junctions’ molecular physiology remains challenging.[7]
Understanding how tight junction regulate ion permeability will broaden our knowledge about
the significance of these ubiquitous proteins. Further, it can be of use in therapeutic interventions
for in claudin associated diseases.
Very recently, Weber et al. in a pioneering study were able to achieve electrophysiology
measurements of claudin-2 tight junctions at a single channel resolution, albeit utilizing a
sophisticated giga ohm (GΩ) seal.[6] Their findings indicated that claudin-2 channels exhibit a
directionally symmetric behavior and are dynamically gated with sub-millisecond
permeation/gating kinetics. It has long been established that the paracellular ion transport is
passive and are largely driven by osmotic and ionic gradients encountered in the paracellular
space.[6-8] Given such a passive mode of transport, it is highly unlikely there are kinetic gating
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events that are characterized by millisecond time-scales –typical active transport across
transmembrane ion channels are observed at μs time scales. Incidentally, we have observed
multiple sodium ions to permeate claudin-2 channels under equilibrium molecular dynamics
simulations under few ns time scales.[9-11] Even chloride ions were observed to traverse the
channel. In the case of claudin-5, we calculated the free-energy of water permeation through one
of the two putative channels and found those channels to present no barrier to the passage of
water. Alberini et al., in a recent work, used molecular dynamics and free-energy calculations to
illustrate the selectivity of claudin-15 channels.[12] Their observations showed that the channels
formed by claudin-15 present a barrier to anions while being quite permissive to sodium and
potassium ions. A similar study by Samanta et al., captured the ion selectivity of claudin-15 via
conductance measurements.[13] The recent reports have enhanced the molecular understanding
of the claudin-15 pore behavior, yet there is still an obvious gap in reconciling these molecularlevel results with macroscale measurements biochemical measurements. Additionally, there is
still a gap in understanding the mechanism of limited and high transport tight junctions formed
by barrier-forming and pore-forming claudins.
Unlike many mammalian transmembrane channels, which are typically α-helical and confined to
the hydrophobic core of the membrane, claudins form strands that extend from one membrane to
assemble into homo/hetero-tetramers across two membranes (Figure 5-1a).[14] The channel is
solvent-exposed and resides proximal to the polar and charged head-groups of the plasma
membrane lipids. More interestingly, the channels exhibit bi-directional symmetric selectivity,
and the ion conduction events are evidenced to be passive. It is not known in the literature if the
channel transport is dependent on conformational changes, although it has been speculated to be
highly unlikely in a confined region between two cells. In our previous work, we reported that
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claudin-5 can assemble into two putative channels (Pore I and II) while claudin-2 has one model
(Pore I).[9-11, 15] Nonetheless, all the claudin based channels are 0.8 ± 0.2 nm in diameter at
their widest point, and 0.6 ± 0.2 nm at their narrowest point, which is typically at the center of
the channel. Structural evidence of intact claudin channels is still elusive. Still, the models of the
channels that we and others have predicted are in good agreement with most experimental
observations. The charged residues that point facing the lumen of the channels act as the charge
selectivity filters. In claudin-2, Yu et al. have shown that aspartic acid D65 acts as the selectivity
filter,[4] and in claudin-5, the corresponding lysine K65 is thought to be restricting the cation
transport. These experimental observations have led to ambiguous interpretations of the
mechanism of ion permeation. In a few cases, it is suggested the ions move as a solvated unit,
and in others, it is speculated to proceed after ion dewetting.[16] [17-19]These mechanistic
molecular level details are easily discerned utilizing molecular dynamics simulations that offer
spatial and temporal resolutions inaccessible in experiments.[20]
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Figure 5-1. System setup.
a) and b) Shows the side view and top view respectively, of a typical claudin channel system that
is positioned with the channel path aligned along the x-axis, the claudin is shown in ribbon
representation colored according secondary structure, the sodium ions are shown in magenta and
chloride ions in green. Water is represented as transparent surface in blue. Lipids are hidden for
clarity c) shows the probe ion atom that was placed at the mouth of the channel. d) Replica
exchange collective variable tempering scheme used for a typical probe molecule. e-f) Time
averaged radius profiles of the channels calculated over 750 ns of sampling, the solid lines are
the mean radius while the dark and light shadows indicate standard deviation and the total
fluctions respectively.
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5.4 Results and Discussion
Here we have probed the channels formed by claudin-2 (CLD2) and claudin-5 (CLD-5), along
with their respective point mutants D65A (CLD2M) and Q63N (CLD5M). Each channel was
modeled individually as shown in Figure 5-1 a-c. Free-energy surface (FES) for the translocation
of water, Na+, K+, Cl−, Mg2+ and Ca2+ across the channel was calculated using replica exchange
metadyanmics simulations (Figure 5-1d).[21-24] The CLD2 Pore I and CLD5 Pore I are
structurally similar whereas (Figure 5-1e) CLD5 Pore II can be conceived as the Pore I
assembled inside out. The possibility of claudin-5 forming two different channel conformations
is discussed in detail in ref XX. Briefly the cis and trans interactions observed in claudin-5
indicate these are the likely channel assemblies. Over the course of the simulation the channel
domains are seen to fluctuate around a median structure, this would be unexpected in the actual
tight junctions where the to be crowded by multiple channels in tandem. This is in stark contrast
with the trans-membrane channels that exhibit rigid pore dynamics due to the lateral stability
provided by the lipid membranes. We calculated the averaged pore radius profile[25] that
revealed the narrowest point in claudin-2 pore is at 0.28  0.08 nm in radius, followed by
claudin-5 Pore I that has a 0.33  0.03 nm and claudin-5 Pore II that has a wider fluctuation of
the pore center 0.27 0.08 nm. The simulations were carried out with the TM domains restrained
as would be expected in the cell where claudins are anchored to the cytoskeleton. The pore
domains were not constrained in any manner. There is a level of uncertainty that arises due the
lack of high-resolution structural data on the actual pores, nonetheless we and others have shown
that the model predicted using structural homologs are an acceptable substitute to study
molecular details of claudin physiology. To the best of our knowledge we don’t anticipate the
results and conclusions to be artifactual.
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5.4.1 Free energy for the translocation of water.
The claudin channels probed in this study permeate water. Water typically faces a small barrier
of the order of <1 kJ mol−1 at the center of the channel which is typically negligible as kBT at 310
K is ~2.5 kJ mol−1 (Figure 5-2). We have previously shown similar results in claudin-5 Pore II
where water did not have a permeability barrier. This is an expected outcome as the claudin pore
diameter is larger than the size of a water molecule. From the free energy profile, it is rather
evident that in response to a specific cue–such as osmotic gradients–water can be mobilized via
the tight junctions. But this is in stark contrast with water transporters such as aquaporins that
specifically permeate water molecules in and out of the cell.
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Figure 5-2. a)-c) panels are the one-dimensional free energy profile of Na+, K+, Cl- and Water
are shown in red, magenta, green and blue respectively. Panels in the bottom show the profiles of
Mg2+, Ca2+ and water respectively in yellow, cyan and blue. The solid lines indicate the free
energy estimates and the shadows indicate the uncertainties in the calculation.
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5.4.2 CLD2 is selective for monovalent cations.
From the free energy profiles (Figure 5-2), it is evident that claudin-2 channels are selective to
Na+ and K+ ion permeation. As these monovalent cations translocate, they experience a minima
at the center of the channel that is ~2 kJ mol−1 lower than that of water, whereas the Cl− ion
experiences a ~8 kJ mol−1 barrier at the same location. More importantly, there is no clear
distinction between the cations; both Na+ and K+ have similar profiles. These observations are in
excellent agreement with the experimental measurements for claudin-2 expressing cells. In an
earlier report, free-energy profiles of cation and anion permeation through claudin-15 showed
similar trends. In our free-energy estimates we can observe a preference of claudin-2 to
magnesium ions as opposed to calcium ions. Calcium ions face an energy minima ~ 0.6 nm from
the pore center where the aspartic acid residues D65 are located. Unlike Na+ and K+, Ca2+ has a
strong binding to the aspartic acid residues. Yu et al have extensively investigated D65 residue
in their biochemical studies and established this residue as the selectivity filter for claudin-2.
Mutations to the residue such as D65N has been shown to disproportionately affect Ca2+
permeability; divalent cations are reported to have four-to-five-fold lower permeability in
claudin-2 expressing tissues.
5.4.3 D65A mutant alters CLD2 Pore I selectivity.
Yu et al., have conclusively demonstrated the importance of charge selectivity at D65, using a
charge neutralizing mutation D65N they demonstrated how the selectivity for monovalent cation
drops significantly without affecting the selectivity towards Cl− ions.[4, 6, 7] We wanted to
demonstrate a similar effect in the free-energy profile by utilizing a neutralizing mutation that
will also increase the volume of the pore in the vicinity D65A. The alanine mutation at D65
neutralizes the charge filter and widens the pore by two carbon atoms and four oxygen atoms but
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does not impact the absolute center of the pore that is formed by Q63. We had previously
hypothesized that Q63 plays an important role in the pore as a steric filter and D65A mutant is a
case study to investigate this. The D65A mutation significantly altered the free-energy profiles of
the monovalent and divalent cations (Figure 5-3); the channel shows a barrier for both Na+ & K+,
and can differentiate between these two ions. The barrier for Cl− ion is slightly decreased but the
barrier behavior has not been altered. The most significant changes are observed in divalent
cations where the minima’s located at D65 site has now switched to barriers in ~20 and ~30 kJ
mol−1 for Mg2+ and Ca2+, respectively. These observations recapitulate Yu et al observation for
D65N mutations. Furthermore, the results show how molecular level free-energy barriers
connect to the tissue level macroscopic observations of ion permeability.
5.4.4 CLD5 Pore I is a strong cation barrier.
In contrast to claudin-2, claudin-5 Pore I exhibits ~8 kJ mol−1 barrier for Na+ and K+ at the center
of the pore, while Cl− faces a ~6 kJ mol−1 barrier at the entrance of the pores and a minima of
~1.5 kJ mol−1 at the channel’s center. CLD5 Pore I is Cl− permissive, but unlike CLD2 the free
energy profile for Cl− has a larger barrier at the pore entrance, which means that in the event of a
Cl− encountering CLD5 Pore I there is a higher likelihood of charge repulsion, preventing the ion
from entering the channel, but if the initial barrier is crossed then there is a clear path through the
channel. Divalent cations, Mg2+ and Ca2+, also encounter barriers of ~12 and 28 kJ mol−1,
respectively. CLD5 Pore I in effect mimics the permeability behavior of claudin-5 expressing
tissues.
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5.4.5 CLD5 Pore I and II have orthogonal selectivity.
The free-energy profiles of CLD5 Pore II are like CLD2 Pore I profiles, albeit the barriers
encountered are different. Where a minima is observed at the pore entrance in CLD2 and CLD5
Pore I, there is a barrier of ~2-4 kJ mol−1 in CLD5 Pore II for monovalent cations. This easily
reasoned as the effect of variations in the charged amino acid distributions along the length of the
channel. Cl− faces a ~9.5 kJ mol−1 barrier in the middle of the channel where the net-charge in
the middle of the channel is -8. As with other channel models there is no clear distinction
between Na+ and K+. In the case of divalent cations, CLD5 Pore II presents a weak barrier,
calcium ion experiences a strong barrier at the entrance of the channel, this due to the steric
clashes of Ca2+ with the lysine residues K65. The free energy barrier of CLD5 Pore II can be
arranged in the following order (1) at the channel entrance: Ca2+ > Mg2+, K+, Na+ > Cl- > water;
(2) at the middle of the channel: Cl- > Mg2+ > K+, water > Na+ > Ca2+.
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Figure 5-3. Comparisons of free-energy profiles from claudins and their respective point mutants.
Solid lines are the free-energy estimates for the wild-type and the dotted lines are the mutants, shadows on the plot show the
uncertainty in the estimation. Water, Na+, K+, Cl-, Mg2+, and Ca2+ are represented in blue, red, magenta, green, yellow and cyan colors
respectively.
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5.4.6 Q63N in CLD5 Pore I does not alter selectivity.
As discussed earlier, Q63 is highly conserved residues among claudin homologs, and in Pore I
the residue sits at the dead center of the channel. At molecular level glutamine and asparagine
residues have similar side-chain functional groups, both present a hydrogen bond donor and
acceptor at the amide and carbonyl groups respectively. The key difference between these
residues is the C𝛾 carbon atom. A mutation from Q63N will preserve the functional role of the
residue while widening the steric radius of the channel by four carbon lengths (since the channel
is a homo tetramer) or ~0.15 nm in radius and 0.3 nm in diameter. This steric widening can
impact the permeability of ions that are screened purely by steric repulsion while the charge
selectivity is still intact. For the set of probes used in the study approximate radius in solution are
as follows: Na+ 0.097 nm, K+ 0.141 nm, Cl− 0.180 nm, Mg2+ 0.070 nm, Ca2+ 0.103 nm, and
water 0.14 nm, correspondingly the radius of first solvation shell are: Na+ 0.235 nm (n = 6), K+
0.279 nm (n = 6), Cl− 0.318 nm (n ~ 6), Mg2+ 0.428 nm (n = 6), and Ca2+ 0.412 nm (n ~ 6). As
can be seen a 0.3 nm widening in the channel can broadly impact steric contribution to the ion
conduction. Upon mutation the mutation Q63N the average channel radius widened from 0.33 
0.03 nm to 0.40  0.06 nm. CLD5 Q63N did not alter the free-energy profiles of the ions for
Na+, K+, Cl− and water. This is expected as the solvation radius all the ions probed in the study
are smaller than the narrowest point in the pore. Yet there is quite a significant shift in the freeenergy profiles of divalent cations: for Mg2+ there is an observable ~2 kJ mol−1 drop in the
barrier height in the middle of the channel, while for Ca2+ the barrier height drastically increases
by ~10 kJ mol−1. Although channel widening explains the Mg2+ observation it is quite unclear
why the barrier for Ca2+ increased drastically. We speculate that the degrees of freedom in
glutamine residues allows it to adopt to different conformation on encountering Ca2+ ions while
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that effect is lost upon mutation to asparagine. As there could be other factors at play, we refrain
here from drawing any strong conclusions about the behavior of Ca2+ ions in Q63N mutants.
5.4.7 Two dimensional free-energy profiles.
In order to characterize the selectivity in detail a 2D free-energy profile of was calculated at the
approximate center of the channels (roughly ~4.2 nm, Figure 5-4). These profiles show the
region of excluded volume that is available in the channels for translocation of the probe
molecules. In CLD2 there is clear region in the middle of the pore that is roughly 1.2 nm2 in area
that is accessible for monovalent cations, the region accessible for cations is wider than that of
Cl− ion which constricted. Upon the D65A mutation the free-energy surface drastically changes
with clear bifurcation in the middle of the channels. This bifurcation in the free-energy surfaces
(FES) indicate the constriction of the CLD2 pores in response to D65A mutations. As a striking
contrast the FES profiles for Cl− ions remain relatively unchanged. In the case of CLD5 the FES
remained unchanged between the wild-type and the mutant channels, indicating widening of the
steric radius did not significantly impact the selectivity dynamics in the pores.
5.4.8 Electrostatic versus steric interaction and mechanism of conductance.
From the observations above we propose the following mechanism of ion selectivity in claudin
channels probed here:1) the barrier versus pore distinction in claudin tight junctions can mainly
be attributed to the free-energy barriers encountered by the solute while translocating through the
pore, 2) none of the barriers for monovalent ions are >5 kBT nor are the minima >1 kBT, this
would be a hallmark of a channel that exhibits passive behavior while being selective; as would
be expected of a symmetric channel the profiles also exhibit symmetric behavior. 3) there is no
discrimination in the selectivity of ions if they have charge equivalence but are smaller than the
narrowest path along the channel. 4) Electrostatic interactions dominate the selectivity while
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steric interaction plays a role in ions that exceed the narrowest channel radius albeit after
crossing the selectivity barrier. 5) the barrier can be felt either at the channel entrance as
observed in the case of Cl− in CLD5 Pore I or in the middle of the channel as seen predominantly
in all the channels. 6) CLD5 Pore I and Pore II can, in principle, work in tandem to elicit
orthogonal selectivity and consequently elicit their barrier properties, which is a hypothesis that
needs to be biochemically tested.
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Figure 5-4. 2D slice of the potential energy surface
along the yz plane at x=4.2 nm corresponding to the approximate center of the channels. The axis
on each individual panels represents the y and z axis extents. The color bar is plotted to vary
smoothly within the interval 0-25 kJ mol−1 and red thereafter. The contours in the plot are at 5.0
kJ mol−1 threshold (roughly 2 kBT).
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5.5 Conclusion
Connecting the macroscopic TEER measurements with the single pore level dynamics of claudin
based channels is yet to be realized. In this study, we have demonstrated how the barrier properties
of claudin-5 and the pore behavior of claudin-2 can essentially be captured using free-energy
calculations. This shifts the idea of tight junction barriers being a sterically occluded interface to
one that is quite open albeit presenting a large energy barrier for ion translocation. These findings
will help reconcile the molecular details of claudin based channels to the physiologically relevant
tissue level properties.
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5.6 Methods
5.6.1 Computational Methods.
The claudin-2 and claudin-5 pore models where obtained from earlier studies. Structural
refinements were carried out to include the recently published crystal structures of other claudin
homologs including claudin-3, claudin-4 and claudin-9. The refined models were subject to
energy minimization and then relaxed using molecular dynamics simulations as described
below.[9-11, 26]
5.6.2 Molecular dynamics simulations.
All molecular dynamics simulations were carried out using GROMACS 2018. All the
simulations utilized the CHARMM36 force field parameters with the NBFIX corrections.[20,
27-30] The refined pore models were embedded in di-oleoyl-phosphatidylcholine (DOPC) lipid
membranes, the whole system was then solvated with TIP3P water and 150 mM NaCl ions. Care
was taken to ensure the net charge on the system and each of the individual compartments of the
system were zero. This was achieved through an inhouse python script that iteratively switched
the positions of positive and negative ions until the net charge on each compartment was
equivalent to zero. The system was then energy minimized and subject to subsequent
equilibration steps where the lipid head groups are restrained with a 1 kJ/mol/nm2 position
restraints. During the equilibration steps the protein backbone was restrained to avoid
unnecessary positional shift while the membrane was equilibrating. Isothermal-isobaric ensemble
was utilized where the pressure in the XY plane is decoupled from the Z-axis to accommodate
lipid membranes. The initial equilibration was carried out at 2 fs time steps for 300 ns at 310 K
and 1 bar pressure while the protein backbone and the lipid had groups are restrained. Post this
the hydrogen atoms in the system were converted to virtual sites to enable longer time-steps of 5
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fs. The virtual site algorithm is utilized as implemented in GROMACS with the topology for
lipids taken from Loubet et al.[31] The same virtual site algorithm has been demonstrated for
free-energy calculations by Prajapati et al.[32] Post conversion to virtual sites, the system was
subject to another 300 ns of equilibration with the position restraints on just the protein
backbone, the area per lipid parameter was tracked to ensure the membrane reached ~68 Å2. Post
equilibration the position restraints on the extracellular domains were removed while the
transmembrane domains were restrained for the production simulations. The system was
equilibrated for 100 ns to allow relaxation of the ECL loops. A typical MD parameters used for
the simulation are provided in the Annex I.
5.6.3 Probe insertion.
The probe molecule either the ion or water molecule is inserted in the box such as the probe is
farther away than interaction distance of 1.2 nm from the nearest pore residue. Initially the
center-of-geometry of the pore-lining lining residues were determined, correspondingly the
probe was placed at the co-ordinate position matching the YZ plane center of the pore and in the
farthest distance along the X-axis. The GROMACS tool gmx insert-molecules was utilized
while a water molecule was replaced accordingly. Post insertion based on the probe type’s
charge the total system charge and the pore compartment charge were adjusted by adding or
removing counter ions. In the case of water, the water molecules closest to the pore center was
assigned as the probe molecule.
5.6.4 Cylindrical restraints.
In order to avoid the probe molecule moving father than the designated pore pathway a
cylindrical restraint was applied on the probe molecule. The restraint was applied such a way that
the probe molecule will always remain at 0.5 nm from the pore center along the YZ plane. The
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restraint was applied on the oxygen atom in the case of water molecule. The force constant of 50
kJ/mol/nm2 was found to be optimal. The restraint force acts on the probe if and only if the
molecule goes beyond the 0.5 nm cutoff in the YZ plane. The influence of the force was ignored
in the free-energy calculations by limiting the limits of FES estimation to the radius of < 0.4 nm
along the YZ plane. The details of the GROMACS specifications for the cylindrical restraints
can be found below:
#ifdef RPG_ON
[ position_restraints ]
;

i funct
1

2

g

r

k

6

0.5

50

#endif
5.6.5 Replica Exchange Collective-variable Tempering (RECT) Metadynamics.
Metadynamics is a powerful sampling technique that ensures a periodic history dependent bias is
added to the system that can enable the system to cross free-energy barriers and explore the
regions in-accessible due to kinetic limitations. A recently demonstrated advancement in the
metadynamics combines replica-exchange with the parallel tempering scheme to enhance
sampling efficiency. The details of the method can be found in Oshima et al. In our case, we
biased the x ,y, and z position of the probe molecule to explore the extents of the pore. The
metadynamics utilized the well-tempered version where the added bias smoothly decays as a
function of time. The bias was added parallelly along six replicas varying the γ =
1.0,1.7,2.7,4.5,7.5,12.5. Where a γ = 1.0 indicates no bias acting on the system. An
exchange is attempted at every 1000 steps with the nearest replica, the replica exchange protocol
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follows the metropolis hasting algorithm as implemented in GROMACS. The RECT simulations
were carried out for 125 ns each summing the total sampling time for a single probe molecule to
750 ns. The total simulation time for a single pore is 4500 ns and in total for the five systems a
total 22,500 ns of metadynamics simulations were carried out. The statistics for exchange rates in
a typical simulation are shown in ANNEX III
5.6.7 Reweighting and FES calculation.
Metadynamics enables one to keep track of the historical bias added and to recover the
underlying free-energy landscape by reweighting and WHAM. By utilizing RECT simulations
one can infer the free-energy from the replica with γ = 1.0 where there is no bias added to the
system. We utilized the γ = 1.0 to keep track of convergence, the point of convergence for our
intents and purposes were taken to be point at with the root-mean-square in energy difference at
key points along the free-energy profile reached < KBT. We also utilized the γ = 1.0 as a
cross-validation for the free-energy profiles calculated from combining all the windows. We
noticed a couple of regions especially near the pore entrance where observing convergence was
difficult, this we discovered were due to the fluctuations in the ECL loops at the pore-entrance
that resulted in perturbing the free-energy profile at that location. Although achieving converged
free-energy surface is a daunting task, we believe that our simulations have reached reasonable
convergence to draw interpretable inferences. All the reweighting and the WHAM analysis were
carried out in PLUMED after combining the COLVAR files from different trajectories. The
results were plotted using python scripts.[33, 34] For the 2D-surface polts a bicubic interpolation
was used get the surface from discrete points.
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5.6.8 Time evolution of the pore-radius.
We utilized the recently developed CHAP tool to analyze the average properties of the pore. We
utilized the equilibrium simulations to perform these analysis.[25] CHAP works on the same
vein as the popular tools such as CAVER[35] but enable one to perform such analysis over
simulation trajectory.
5.7 Supporting Information
Supporting Figure 5-and annex provide additional information discussed in the main text.
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Figure 5-S1. Structure of the claudin based pores.

212

Figure 5-S2. Average radius profiles of claudin pores.
a) and b) panels show the average radius profiles for the WT and mutant variants of the claudin
pores. The dark line indicates the average radius profiles the dark grey shadows indicate standard
deviation and the total fluctuations are shown by the light grey shadows.
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Figure 5-S3. Free-energy profile of the last 25 ns of a representative simulation showing the profile convergence.
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Figure 5-S4. Change in free-energy mapped at 2 points along the free-energy profile to quantify the convergence acceptability.
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Figure 5-S5. A sample X-, Y- and Z-Slice of 2D profiles for claudin-2 and claudin-2 D65A for chloride ion.
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5.7 ANNEX I
MD parameters.
define

= -DTM_ON -DRPG_ON

integrator

= md

dt

= 0.005

; Position restraints

; virtual site, 0.002 if regular

simulation.
nsteps

= 25000000

nstlog

= 10000

nstxout

= 2500

nstvout

= 2500

nstfout

= 2500

nstcalcenergy

= 1

nstenergy

= 100

; 125 ns

; Interaction control
cutoff-scheme

= Verlet

nstlist

= 40

rlist

= 1.2

coulombtype

= pme

rcoulomb

= 1.2

coulomb-modifier

= Potential-shift-Verlet

vdwtype

= Cut-off

vdw-modifier

= Force-switch

rvdw_switch

= 1.0
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rvdw

= 1.2

; Temperature control
tcoupl

= V-rescale

tc_grps

= PROT

MEMB

SOL_ION

tau_t

= 1.0

1.0

1.0

ref_t

= 310.15

310.15

; Pressure control
pcoupl

= Parrinello-Rahman

pcoupltype

= semiisotropic

tau_p

= 5.0

compressibility

= 4.5e-5

4.5e-5

ref_p

= 1.0

1.0

;
constraints

= all-bonds

constraint_algorithm

= LINCS

lincs-order

= 8

lincs-iter

= 1

continuation

= no

gen-vel

= yes

gen-temp

= 310.15

gen-seed

= -1

;
nstcomm

= 100
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310.15

comm_mode

= linear

comm_grps

= PROT

MEMB

;
refcoord_scaling

= com

lincs-warnangle

= 60
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SOL_ION

5.8 ANNEX II
Plumed run parameter file.
RESTART
WHOLEMOLECULES STRIDE=1

ENTITY0=130198

# POSITION of the Probe
p: POSITION ATOM=130198 NOPBC
c: CENTER
ATOMS=1000,1007,1024,1043,1060,1070,4341,4348,4365,4384,4401,4411,7682
,7689,7706,7725,7742,7752,11023,11030,11047,11066,11083,11093 NOPBC
pc: POSITION ATOM=c NOPBC

# Bias on the X-position of the probe.
METAD ...
LABEL=meta_x ARG=p.x SIGMA=0.1
TAU=12.0 PACE=500 TEMP=310.15
RECT=1.0,1.7,2.7,4.5,7.5,12.5
GRID_MIN=-1.00 GRID_MAX=10.00 GRID_BIN=500
REWEIGHTING_NGRID=500
REWEIGHTING_NHILLS=50
WALKERS_MPI FILE=HILLS_x
... METAD

# Bias on the Y-position of the probe.
220

METAD ...
LABEL=meta_y ARG=p.y SIGMA=0.05
TAU=12.0 PACE=500 TEMP=310.15
RECT=1.0,1.7,2.7,4.5,7.5,12.5
GRID_MIN=2.50 GRID_MAX=6.50 GRID_BIN=500
REWEIGHTING_NGRID=500
REWEIGHTING_NHILLS=50
WALKERS_MPI FILE=HILLS_y
... METAD

# Bias on the Z-position of the probe.
METAD ...
LABEL=meta_z ARG=p.z SIGMA=0.05
TAU=12.0 PACE=500 TEMP=310.15
RECT=1.0,1.7,2.7,4.5,7.5,12.5
GRID_MIN=5.50 GRID_MAX=10.00 GRID_BIN=500
REWEIGHTING_NGRID=500
REWEIGHTING_NHILLS=50
WALKERS_MPI FILE=HILLS_z
... METAD

PRINT STRIDE=100 ARG=* FILE=COLVAR
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5.9 ANNEX III

Replica exchange statistics
Repl
Repl

average probabilities:
0

Repl
Repl
Repl
Repl

1
.68

2
.79

3
.82

4
.84

5
.84

average number of exchanges:
0

1
.68

2
.78

3
.83

4
.85

Repl

5
.84

Empirical Transition Matrix

Repl

1

2

3

4

5

6

Repl

0.6595

0.3405

0.0000

0.0000

0.0000

0.0000

0

Repl

0.3405

0.2686

0.3909

0.0000

0.0000

0.0000

1

Repl

0.0000

0.3909

0.1962

0.4129

0.0000

0.0000

2

Repl

0.0000

0.0000

0.4129

0.1644

0.4227

0.0000

3

Repl

0.0000

0.0000

0.0000

0.4227

0.1588

0.4185

4

Repl

0.0000

0.0000

0.0000

0.0000

0.4185

0.5815

5

222

5.10 References
1.

Günzel, D. and A.S.L. Yu, Claudins and the Modulation of Tight Junction Permeability.

Physiological Reviews, 2013. 93(2): p. 525-569.
2.

Rajagopal, N., J.F. Irudayanathan, and S. Nangia, Computational Nanoscopy of Tight

Junctions at the Blood–Brain Barrier Interface. International Journal of Molecular Sciences,
2019. 20(22).
3.

Zihni, C., et al., Tight junctions: from simple barriers to multifunctional molecular gates.

Nature Reviews Molecular Cell Biology, 2016. 17(9): p. 564-580.
4.

Yu , A.S.L., et al., Molecular Basis for Cation Selectivity in Claudin-2–based

Paracellular Pores: Identification of an Electrostatic Interaction Site. The Journal of General
Physiology, 2008. 133(1): p. 111-127.
5.

Anderson, J.M. and C.M. Van Itallie, Physiology and function of the tight junction. Cold

Spring Harbor perspectives in biology, 2009. 1(2).
6.

Weber, C.R., et al., Claudin-2-dependent paracellular channels are dynamically gated.

eLife, 2015. 4: p. e09906.
7.

Li, J., et al., Comprehensive Cysteine-scanning Mutagenesis Reveals Claudin-2 Pore-

lining Residues with Different Intrapore Locations. Journal of Biological Chemistry, 2014.
289(10): p. 6475-6484.
8.

Rosenthal, R., et al., Claudin-2-mediated cation and water transport share a common

pore. Acta Physiologica, 2017. 219(2): p. 521-536.

223

9.

Irudayanathan, F.J., et al., Molecular Architecture of the Blood Brain Barrier Tight

Junction Proteins–A Synergistic Computational and In Vitro Approach. The Journal of Physical
Chemistry B, 2016. 120(1): p. 77-88.
10.

Irudayanathan, F.J., et al., Architecture of the paracellular channels formed by claudins

of the blood–brain barrier tight junctions. Annals of the New York Academy of Sciences, 2017.
1405(1): p. 131-146.
11.

Irudayanathan, F.J., et al., Self-Assembly Simulations of Classic Claudins—Insights into

the Pore Structure, Selectivity, and Higher Order Complexes. The Journal of Physical Chemistry
B, 2018. 122(30): p. 7463-7474.
12.

Alberini, G., F. Benfenati, and L. Maragliano, Molecular Dynamics Simulations of Ion

Selectivity in a Claudin-15 Paracellular Channel. The Journal of Physical Chemistry B, 2018.
122(48): p. 10783-10792.
13.

Samanta, P., et al., Molecular determination of claudin-15 organization and channel

selectivity. The Journal of General Physiology, 2018. 150(7): p. 949-968.
14.

Suzuki, H., et al., Crystal Structure of a Claudin Provides Insight into the Architecture of

Tight Junctions. Science, 2014. 344(6181): p. 304.
15.

Rajagopal, N., F.J. Irudayanathan, and S. Nangia, Palmitoylation of Claudin-5 Proteins

Influences Their Lipid Domain Affinity and Tight Junction Assembly at the Blood–Brain Barrier
Interface. The Journal of Physical Chemistry B, 2019. 123(5): p. 983-993.
16.

Anishkin, A. and S. Sukharev, Water Dynamics and Dewetting Transitions in the Small

Mechanosensitive Channel MscS. Biophysical Journal, 2004. 86(5): p. 2883-2895.

224

17.

Hummer, G., L.R. Pratt, and A.E. García, Molecular Theories and Simulation of Ions and

Polar Molecules in Water. The Journal of Physical Chemistry A, 1998. 102(41): p. 7885-7895.
18.

Peter, C. and G. Hummer, Ion Transport through Membrane-Spanning Nanopores

Studied by Molecular Dynamics Simulations and Continuum Electrostatics Calculations.
Biophysical Journal, 2005. 89(4): p. 2222-2234.
19.

Sekhar, A., P. Vallurupalli, and L.E. Kay, Defining a length scale for millisecond-

timescale protein conformational exchange. Proceedings of the National Academy of Sciences,
2013. 110(28): p. 11391.
20.

Abraham, M.J., et al., GROMACS: High performance molecular simulations through

multi-level parallelism from laptops to supercomputers. SoftwareX, 2015. 1-2: p. 19-25.
21.

Barducci, A., G. Bussi, and M. Parrinello, Well-Tempered Metadynamics: A Smoothly

Converging and Tunable Free-Energy Method. Physical Review Letters, 2008. 100(2): p.
020603.
22.

Bonomi, M., et al., PLUMED: A portable plugin for free-energy calculations with

molecular dynamics. Computer Physics Communications, 2009. 180(10): p. 1961-1972.
23.

Valsson, O., P. Tiwary, and M. Parrinello, Enhancing Important Fluctuations: Rare

Events and Metadynamics from a Conceptual Viewpoint. Annual Review of Physical Chemistry,
2016. 67(1): p. 159-184.
24.

Gil-Ley, A. and G. Bussi, Enhanced Conformational Sampling Using Replica Exchange

with Collective-Variable Tempering. Journal of Chemical Theory and Computation, 2015. 11(3):
p. 1077-1085.

225

25.

Klesse, G., et al., CHAP: A Versatile Tool for the Structural and Functional Annotation

of Ion Channel Pores. Journal of Molecular Biology, 2019. 431(17): p. 3353-3365.
26.

Rajagopal, N., F.J. Irudayanathan, and S. Nangia, Computational Nanoscopy of Tight

Junctions at the Blood–Brain Barrier Interface. International Journal of Molecular Sciences,
2019. 20(22): p. 5583.
27.

Wu, E.L., et al., CHARMM-GUI Membrane Builder toward realistic biological

membrane simulations. Journal of Computational Chemistry, 2014. 35(27): p. 1997-2004.
28.

Huang, J., et al., CHARMM36m: an improved force field for folded and intrinsically

disordered proteins. Nature Methods, 2016. 14: p. 71.
29.

Lee, J., et al., CHARMM-GUI Input Generator for NAMD, GROMACS, AMBER,

OpenMM, and CHARMM/OpenMM Simulations Using the CHARMM36 Additive Force Field.
Journal of Chemical Theory and Computation, 2016. 12(1): p. 405-413.
30.

Yoo, J. and A. Aksimentiev, New tricks for old dogs: improving the accuracy of

biomolecular force fields by pair-specific corrections to non-bonded interactions. Physical
Chemistry Chemical Physics, 2018. 20(13): p. 8432-8449.
31.

Loubet, B., W. Kopec, and H. Khandelia, Accelerating All-Atom MD Simulations of

Lipids Using a Modified Virtual-Sites Technique. Journal of Chemical Theory and Computation,
2014. 10(12): p. 5690-5695.
32.

Prajapati, J.D., et al., Characterization of Ciprofloxacin Permeation Pathways across the

Porin OmpC Using Metadynamics and a String Method. Journal of Chemical Theory and
Computation, 2017. 13(9): p. 4553-4566.

226

33.

Michaud-Agrawal, N., et al., MDAnalysis: A toolkit for the analysis of molecular

dynamics simulations. Journal of Computational Chemistry, 2011. 32(10): p. 2319-2327.
34.

R. J. Gowers, M.L., J. Barnoud, T. J. E. Reddy, M. N. Melo, S. L. Seyler, D. L. Dotson,

J. Domanski, S. Buchoux, I. M. Kenney, and O. Beckstein, MDAnalysis: A Python package for
the rapid analysis of molecular dynamics simulations, in Proceedings of the 15th Python in
Science Conference. 2016, SciPy: Austin, TX. p. 102-109.
35.

Chovancova, E., et al., CAVER 3.0: A Tool for the Analysis of Transport Pathways in

Dynamic Protein Structures. PLOS Computational Biology, 2012. 8(10): p. e1002708.

227

CHAPTER 6

CONCLUSION AND FUTURE WORK
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6.1 Conclusions
As emphasized in the preceding chapters understanding the physiology of the BBB tight junction
can synergistically feed into drug discovery and delivery efforts. The work discussed herein is a
good first step towards unraveling the complexity of the tight junction physiology. Starting from
a point where we didn’t know the structure of the claudin-5 proteins we have made advances to
capture the molecular details of the pores at unprecedented resolution both in the spatial and
temporal regime. As showcased in recent publications from experimental groups the results
discussed herein add valuable contributions to the tight junction field. Case-in-point the recent
crystal structures of claudin-3 resolved by Nakamura et al. [1] the key results from chapter 3 on
the flexibility of transmembrane helix impacting the tight junction architecture was recapitulated
in vitro. These studies demonstrate how computational investigations are pioneering discoveries
in tight junction way ahead of the experimental community. The transferability of this research
to other tissues and other membrane proteins is the most significant outcome of my doctoral
research.
The topic of BBB molecular physiology has multiple facets that all converge with the functional
role of tight junctions. The major findings from this research: 1) claudin-5 forms different
dimeric interfaces, 2) the dimers are the substrates for pore assembly that control molecular
transport, 3) contribution of the membrane local environment to the assembly of claudin-5 tight
junctions, 4) how certain post-translational modifications affect the tight junction assembly and
5) what are the biophysical determinants that contribute to ion selectivity; are foundational to the
understanding of tight junction biology and molecular physiology at the BBB.
Apart from being important to the tight junctions research the work detailed here in also extends
to other membrane protein families that are resistant to isolation and structural studies. The
229

computational biophysics methods employed in the research are a powerful and versatile tool
that enables researcher to interrogate both molecular and functional aspects of the biological
system under question. We have demonstrated as a proof-of-concept how one can utilize sparse
experimental data to guide predictions that span multiple order of magnitude (from the nano 10-9
m to macro 10-2 m).
The results can also be utilized in an engineering context. For instance, the mechanistic details of
how claudin based pores discriminate ions can be advantageously utilized to design bio-memetic
pores that have novel functionally. Thus, the results discussed in this dissertation are powerful
conclusions that enable a diverse set of research focus all within the scope of tight junction
research.
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6.2 Future Work
Building on the premise that understanding claudin assembly can lead to the understanding of
tight junction physiology, one can extend this work to other important tissues where tight
junctions and their corresponding claudins play a major role. Research in the lab are already
underway in exploring these possibilities as demonstrated in the recent publication by Rajagopal
et al. [2] where a computational platform has been developed to probe the various dimer
conformations that are feasible for a given claudin and score the conformation based on its
interaction energy. Similarly, post-translational modifications of claudins, in specific
palmitoylation are shown to be important and we discovered that palmitoylation indeed impacts
the dimerization as well as membrane partitioning behaviors.[3] These are questions that are well
within the scope of unraveling the molecular physiology of tight junctions.
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